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Abstract 
This report describes the complete process of testing capillary tube-suction line heat 
exchangers (CfSLHX). and presents preliminary data for non-adiabatic flow of R-134a in 
the capillary tube, as well as the comparison between the experimental data and simulation 
results. 
Mass flow rate is proportional to cross-sectional area, so manufacturer-specified 
tolerances of ±O.OOl" correspond to mass flow uncertainties up to 10%. Therefore a 
laminar water test method was developed for determining diameter much more accurately. 
Nitrogen tests are subject to greater uncertainty, and were found to be incapable of 
discerning tube roughness. Three two-phase friction factor correlations were examined and 
compared to the data. 
Three CTSLHX's were tested over a range of subcooled inlet temperatures and 
pressures, and mass flows measured with a coriolis meter. Hysteresis was observed; mass 
flow is multivalued and depends on whether the flash point is moving upstream or 
downstream. The same effect was observed in an operating refrigerator, affecting its 
thermodynamic cycle efficiency by 3%. 
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Chapter 1 
Introduction 
The capillary tt;tbe is often the expansion device of choice because of its simplicity 
and low cost. This paper describes the complete procedure of testing capillary tube suction 
line heat exchanger and presents data for non-adiabatic flow of R-134a in a capillary tube. 
The data were then used to validate the CTSLHXSIM model, which was developed by 
Peixoto and Bullard (1994). 
1.1 Literature review 
Most research reported in the open literature deals with adiabatic capillary tubes. 
Schulz (1985), Kuehl and Goldschmidt (1991) and Purvis (1992) described the important 
characteristics and conclusions of these works. Fewer studies have been done on non-
adiabatic capillary tubes; some of them are described below. 
Christensen (1967) performed a series of tests with a capillary tube-suction line 
heat exchanger at varying evaporator and condenser pressures and with heat exchange 
region changeable from one end to another of the capillary tube. The length of the heat 
exchange region was fixed at 1000 mm. Tests were performed at evaporating 
temperatures in the range -5.0 °C to -25.0 °C corresponding to condensing temperatures 
in the range 30.0 °C to 50.0 °C. These tests were conducted for three positions of the heat 
exchanging section and for each test the refrigerant (CFC-12) mass flow rate was 
measured. It was verified that the evaporating pressure has little influence while the 
condensing pressure has a great effect on the refrigerant mass flow rate. Mass flow rates 
increased as the free length of the capillary tube was moved from the condenser towards 
evaporator for fixed condenser and evaporator pressures. 
Pate and Tree (1983, 1984a, 1984b, 1987) published several papers based on 
Pate's Ph.D. thesis (1982) about the flow of CFC-12 though capillary tube-suction line 
heat exchanger. These papers presented described the experimental apparatus used, the 
1 
results of the tests performed, a mathematical model for simulation, and a study of the 
choked flow conditions at the capillary tube outlet. Model results for length calculations 
showed fair agreement with the experimental data. However to simplify the computational 
", 
procedure, the authors assumed a linear profile of the quality in the heat exchanger region. 
As pointed out by Van and Wang (1991) this assumption simplified the calculation but the 
actual refrigerant quality distribution in the capillary tube depends on the rate of heat 
exchange with the suction line. 
The interaction between the capillary tube-suction line heat exchanger and the 
whole system was studied by Pereira et al (1987). They analyzed experimentally the 
thermal performance of a domestic refrigerator, using CFC-12 as working fluid, as the 
heat exchanging conditions at the capillary tube and the suction line were modified. They 
documented the improvement in overall performance of the refrigerator and verified that 
the effect of the heat exchange with the surrounding air was negligible. 
The ct-slhx simulation presented by Van and Wang (1991) was based on the 
fundamental fluid dynamics and heat transfer equations. However some of the correlations 
for heat transfer coefficient and friction factor used are unfamiliar and the paper contains 
insufficient details about them. The paper presented results (mass flow rate, quality profile, 
etc.) for CFC-12 for a fixed geometry over a range of inlet and outlet pressures and inlet 
subcooling. They showed that small changes in mass flow can produce large changes in 
the quality along the slhx length. They suggest that it might be related to the metastable 
phenomenon that can occur as described in ASHRAE (1988). 
Domanski et al. (1992) presented a theoretical evaluation of the performance 
effects resulting from the addition of a liquid line-suction line heat exchanger to a standard 
vapor compression refrigeration cycle. It demonstrated how installation of a liquid line -
suction line heat exchanger improves COP and volumetric capacity in the case of fluids 
that perform poorly in the basic cycle. The benefits obtained depend on the combination of 
the operating conditions and fluid properties with the liquid and vapor specific heats being 
2 
the most important. The COP improvement presented by HFC-134a is 2.5% higher than 
for CFC-12. The results presented, as noted by the author, are for ideal cases and don't 
consider some factors that are present in the real systems and affect their performance. For 
" 
household refrigerators the heat exchanger is not between the liquid line and the suction 
line but between the capillary tube, where the refrigerant is flashing, and the suction line. 
The usual approach is to idealize the ct-slhx as an isobaric nonadiabatic section followed 
by an isenthalpic expansion is a simplification of the real process (A.D. Little, 1982 and 
ASHRAE, 1988). 
The CTSLHXSIM model used in the analysis of this paper is based on the work of 
Peixoto and Bullard (1994). It builds on most of the assumptions and correlations that 
have been verified in the literature, and employs a Newton-Raphson solution technique 
that makes it unnecessary to assume a linear quality profile inside the capillary tube. 
1.2 Testing procedure 
Before refrigerant flow data was obtained, a laminar water flow test was 
conducted first to determine the actual diameter. This is because manufacturer's ± 0.001 
inches of tolerance in diameter could introduce up to ± 10% uncertainty in cross sectional 
area. Without better knowledge of actual tube diameter, mass flow preditions from the 
simulation results cannot achieve an accuracy of less than ± 10%. 
Meyer and Dunn's (1996) experimental apparatus for testing adiabatic capillary 
tubes was modified by installing an evaporator, coiled from 12-feet copper tube and 
wrapped with electric resistance heater, between the exit of the capillary tube and inlet of 
the suction line. The electric heater was controlled manually with a Variac, and sight 
glasses installed before and after the suction line heat exchanger were used to verify that 
superheated gas was flowing through the suction line. After these modifications, the 
experimental apparatus was able to accomodate a capillary. tube-suction line heat 
exchanger. 
3 
The experimental procedure incorporated the results of resent research conducted 
on adiabatic capillary tubes by Meyer and Dunn (1996) which conclude that under a given 
inlet pressure, mass flow depends on whether inlet sub cooling is increasing or decreasing, 
" 
that is, whether the flash point is moving upstream or downstream. When non-adiabatic 
refrigerant flow data were taken, each data set begins with the two-phase flow at the 
capillary tube inlet to minimize the hysteresis or metastable effects of that kind. The 
degree of subcooling at the capillary tube inlet is slowly increased to the maximum 
amount and then decreased to zero while pressure is held constant. In this manner, a 
complete loop data was taken for each condensing temperature. A hysteresis effect was 
observed as the subcooling was increased and decreased. 
For each capillary tube-suction line heat exchanger, the dependence of mass flow 
rate on the superheat path was also investigated. Experimental results show that the paths 
corresponding to increasing and decreasing superheat go through different mass flow 
rates, forming a hysteresis curve. Capillary tube hysteresis was also observed in a real 
refrigerator, and its effect on system COP was investigated. 
After the non-adiabatic refrigerant flow data were taken, a needle valve was 
installed downstream the suction line heat exchanger and upstream the condenser. By 
adjusting the needle valve and the total charge of the whole system, pure liquid flow 
through the capillary tube and suction line heat exchanger was achieved. Pressure drop 
data were analyzed to quantifY the roughness of the capillary tube. 
The capillary tube-suction line heat exchanger appears to be a very simple device, 
but in reality, it is probably the most complex component in the refrigeration system to 
model. The ability of the CTSLHXSIM model to accurately predict the mass flow strongly 
affects the accuracy of the system model. Three different two phase friction factor 
correlations were examined within the CTSLHXSIM model. Using the CTSLHXSIM 
model, strategies for maximum-effectiveness design for capillary tube-suction line heat 
exchanger were developed. 
4 
Chapter 2 
Laminar water flow test of capillary tubes 
Before analyzing the data taken from capillary tubes, it is necessary to determine 
their actual diameters. An experimental facility was designed and constructed for this 
purpose. Using water as the flow fluid, accurate values of laminar flow rates could be 
obtained to determine capillary tube diameters. 
2.1 Experimental facility 
The facility, which is shown in Figure 2.1, relies on gravitational head pressure to 
supply the various laminar flow conditions. The pressure that drives the water flow 
corresponds to the height at which source tank is suspended. Water is drained from the 
bottom of the source tank, flows through a 3/8 in. ID tygon tube, and into the transition 
section, which is instrumented with a pressure tap and a Pete's Plug. A Pete's Plug is a 
tube cap containing a septum with a very small cross cut into it. It is used to connect 
capillary tubes to the transition section. For a given test, the appropriate capillary tube is 
simply inserted through the septum, which creates an air tight seal around the tube. When 
the test is finished, the tube is withdrawn and another is inserted. 
To keep the water level in the source tank constant, a pump, which is submersed in 
a water reservoir, continuously adds water to the tank. A drainage hole is cut in the side of 
the source tank so that excess water can return to the reservoir, thus maintaining a 
constant pressure at the inlet of the capillary tube. In total then, there are three tubes that 
have water flowing through them: i) from the source tank to the capillary tube, ii) from the 
reservoir to the source tank, and iii) over flow from the source tank returning to the 
reservmr. 
At the exit of the capillary tube, the water is discharged freely into the atmosphere. 
Accordingly, the exit pressure is assumed to be equal to atmospheric pressure. To ensure 
that the inlet and outlet of a capillary tube are at the same level, a plastic tube filled with 
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water was used. Each end of the capillary tube was set at the same level as indicated by 
the water in the plastic tube. 
A barometer, fastened to a wall in the laboratory, is used to measure atmospheric 
" 
pressure. To measure the overall pressure drop across the capillary tube, a 1/8 in. ID 
tygon tube is connected to the pressure tap and attached to the side of the source tank. 
The pressure loss is determined by measuring the height between the top of water column 
and the inlet of capillary tube. To help measure this vertical height accurately, a string is 
also attached to the side of the source tank. The water temperature is measured with a 
mercury-glass thermometer immersed in the source tank. To determine the mass of water 
that has passed through the capillary tube, the water exiting the capillary tube is captured 
in a small bucket on a scale. By measuring the mass of water that has passed through the 
capillary tube and the time elapsed, the "measured" mass flow rate is determined. 
2.2 Data collection 
F or a given capillary tube geometry, recorded data include the height between the 
top of water column and the inlet of capillary tube, the mass of water that has passed 
through the capillary tube and the time elapsed, the temperature of the water, and the 
atmospheric pressure. Complete data set listed in Table 2.1 were gathered from four tubes 
which were cut from one long piece with a nominal diameter of 0.049 in. So it is assumed 
that they have the same diameter, but different lengths. 
Great care was taken when cutting the tubes to ensure that the openings were not 
affected by the cutting process. The tubes were first etched, with the comer of a file, 
around the entire circumference. They were then gently bent back and forth until they 
separated into two pieces. The height measurement uncertainty was 1/8 in. and the mass 
measurement uncertainty was 0.2 gram. 
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Figure 2.1 Schematic of the water flow facility (Liu, 1996) 
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Table 2.1 Water flow data (Liu, 1996) 
length height (in.) mass (g) time temp Patm 
(in.) ±0.125 ± 0.2 (sec.) (e) (psia) 
98.188 88.000 317.1 554.02 26.4 14.42 
98.188 .88.000 462.0 801.64 26.7 14.42 
98.188 88.000 513.4 886.33 28.3 14.42 
98.188 80.188 324.9 638.82 25.1 14.42 
98.188 80.188 465.2 911.66 25.6 14.42 
98.188 80.188 609.5 1183.13 25.9 14.42 
98.188 102.500 820.1 1341.49 20.2 14.59 
98.188 102.500 387.1 614.00 21.2 14.59 
98.188 102.563 428.7 677.42 22.0 14.59 
98.188 93.313 323.0 554.47 23.6 14.59 
98.188 93.313 360.8 615.49 24.1 14.59 
98.188 93.313 396.8 670.20 24.8 14.59 
72.000 93.500 345.6 434.41 23.8 14.59 
72.000 93.500 430.3 545.66 24.3 14.59 
72.000 70.625 313.8 517.92 25.0 14.59 
72.000 71.188 359.6 599.07 24.1 14.59 
72.000 56.313 319.9 662.88 24.9 14.59 
72.000 56.750 354.9 734.09 24.8 14.59 
48.063 56.750 361.2 504.48 25.1 14.59 
48.063 56.625 333.0 465.06 25.4 14.59 
48.063 83.625 354.0 340.25 25.4 14.59 
48.063 83.375 391.1 376.33 25.7 14.59 
48.063 38.313 309.8 641.45 25.2 14.59 
48.063 38.250 343.8 714.74 25.4 14.59 
48.063 70.625 321.7 370.88 25.0 14.59 
48.063 70.563 315.5 364.32 25.1 14.59 
48.063 100.125 375.5 310.44 25.1 14.59 
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Table 2.1 (cont.) 
48.063 100.000 291.0 240.34 25.2 14.59 
24.000 99.313 595.1 286.68 25.0 14.59 
24.000 ·.99.313 442.6 212.79 25.1 14.59 
24.000 76.875 429.6 255.45 24.7 14.59 
24.000 76.875 494.6 295.05 24.9 14.59 
24.000 55.063 394.2 314.98 24.9 14.59 
24.000 55.000 378.2 302.95 25.0 14.59 
24.000 33.500 248.0 313.61 25.0 14.59 
24.000 33.625 211.8 284.88 25.1 14.59 
2.3 Determining entrance coefficient 
The measured pressure drop across a capillary tube include frictional (length-
related) pressure drop and entrance pressure drop. For each tube, frictional pressure drop 
could be calculated from the laminar flow relations. Any additional pressure drop must be 
due to the entrance effect. Moreover, the entrance effect should be independent of tube 
length. 
The pressure drop associated with the entrance region is due to: i) the cross-
sectional area change from the pressure tap in the transition section to the inlet of the 
capillary tube, ii) the increased friction in the hydrodynamic development length. To 
quantify the increased friction needed to develop the velocity profile, the following Chen's 
(1973) theoretical correlation was used: 
K=0.20+~ 
Re (2.1) 
However, the pressure loss due to the sudden contraction, which is denoted as C 
in the following, is difficult to quantify analytically. But a rough estimation could be done 
by subtracting the frictional pressure drop, and the pressure drop due to developing the 
velocity profile from the total measured pressure drop. This preliminary calculation 
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assumes the actual diameter equals to the nominal diameter. It suggests that for a 8-ft 
tube, the entrance loss due to area change only accounts for 1-3% of the total loss. 
However, as the tube length decreases, the entrance loss due to area change increases. For 
, 
a 2-ft tube, it reaches 10-15% of the total loss. 
Based on this fact, the entrance loss due to the area change could be neglected and 
diameter could be determined by using data taken from a 8-ft tube. 12 data points from a 
8-ft tube were put into a program described in Appendix A to calculate the actual 
diameter, assuming C equal to zero (i.e. assuming that all pressure drop were frictional 
and developing velocity profile). In Figure 2.2, the calculated diameter for each data point 
was normalized with respect to the nominal diameter. The first 6 data points from the 8-ft 
tube were taken with the tygon tube directly connecting to the transition section, while 
the rest data points from the 8-ft tube were taken with an additional fitting between the 
two. As expected, the first 6 data points show better repeatability of the laminar water 
flow tests. Therefore, to obtain the best fit to these data, the objective function 1.uI + 20- is 
minimized using these 6 data points. 
where: 
n 
L(Mmeas -Mca/a> p. = ..... ;-.... 1 ____ _ 
n (2.2) 
n 
L«Mmeas - Mca/c)- p.)2 
U= ;-1 
n-l (2.3) 
which yields the following estimation of actual diameter 0.0485 in. (1.232 mm). 
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Figure 2.2 Calculated diameter using data taken from 8-ft tube 
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Figure 2.3 Calculated C for the complete data set based on D=0.0485 in 
Using the actual diameter (0.0485 inl1.232 mm), the value of C associated with 
this particular inlet transition section was calculated for the complete data set. They were 
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plotted versus Reynolds number in Figure 2.3. Note that C = 2 shows a good fit for short 
tubes such as 2-ft and 4-ft tubes where entrance loss due to area change accounts for 10-
15% of the total loss .. Also, this entrance loss coefficient is independent of inlet Reynolds 
number. 
Recall that the actual diameter is obtained under the assumption that entrance loss 
due to area change was negligible (set = 0) for a 8-ft tube. Now, Table 2.2 shows the 
effect of varying C ± 100% around the nominal value of 2.0 on the estimation of 
diameter. It confirms that the entrance loss effect is indeed negligible for the 8-ft tube. 
T able 2.2 Sensitivity of diameter to the value 0 fC 
C Diameter (1O-3in) 
0 48.50 
1 48.50 
2 48.60 
4 48.70 
The uncertainty 10 diameter due to mass flow and pressure measurement 
uncertainties was analyzed using an approach recommended by ASME. The measured 
diameter (0) is dependent on 2 parameters, i.e. 
D=f(m, P) 
the sensitivity coefficient ofD with respect to each parameter is given by 
(), = oD 
18m 
(), = oD 
2 oP 
(2.4) 
(2.5) 
(2.6) 
These partial derivatives were evaluated numerically, due to the complexity of the data 
reduction calculations. The bias uncertainty of the diameter was then calculated by 
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2 
BD = L(~~)2 
;=1 (2.7) 
where Bi is the bias error in corresponding mass and pressure measurements. 
T bl 23 U a e ncertamty 0 fd· lameter fr om water fl ow test 
Diameter uncertainty (1 0-3 in) 
Measurement uncertainties (- 0.02, +0.02) 
Uncertainty in C (±2) (0,0.20) 
Total (-0.02,+0.22) 
The above result is based on the first 6 data points taken from a 8-ft tube having a 
nominal diameter of 0.049 in. Note that the diameter uncertainty is dominated by the 
uncertainty in the value of C, while the uncertainty propagated from two measurements is 
almost negligible. Table 2.3 shows that the diameter uncertainty from laminar water flow 
test is much smaller than manufacturer's tolerance of ± 0.001 in. It is also much more 
accurate than Peixoto and Paiva's laminar refrigerant flow test uncertainty discussed in 
Appendix C. Therefore, it offers greater accuracy in determining capillary tube diameter. It 
has not been verified that the second set of test data yield a larger diameter, due to the 
difference in entrance fittings alone. Investigations are continuing into the repeatability of 
the data and the magnitude of measurement uncertainties. 
2.4 Determining diameter of capillary tubes 
Laminar water flow test has been performed on several tubes, including the 
0.049x46-inch tube tested by Meyer and Dunn (1996), 0.031x74-inch tube tested by 
Greenfield and Dunn (1994), 0.033x123.375-inch tube in top-mount Amana refrigerator, 
and 0.038xl16.250-inch tube in side-by-side Amana refrigerator. The complete data set 
for each tube is presented in Table 2.4, 2.5, 2.6 and 2.7. When determining diameter, it 
was assumed that C = 2; the same pipe fitting was used on each tube, and is assumed to 
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produce the same pressure drop due to sudden contraction. Fortunately, due to the length 
of these tubes, entrance pressure drop never exceeded 3 % of the total, except for the 
0.049"x46.000' tube. So the diameter results are relatively insensitive to the e = 2 
., 
assumption. In Figure 2.4, 2.5, 2.6 and 2.7, the calculated diameter for each data point 
was normalized with respect to the nominal diameter. Manufacturer's tolerances (± 0.001 
in) on diameter are shown by the solid lines on each figure. 
Table 2.4 Water flow data for the 0.049"x46.000" tube 
height (in.) mass (g) time temp Patm 
±0.125 ±0.2 (sec.) (e) (psia) 
100.063 650.7 501.68 28.0 14.43 
100.313 567.7 435.31 28.4 14.43 
100.000 606.6 466.02 25.6 14.43 
85.875 541.9 479.88 27.9 14.43 
85.813 504.8 445.39 28.2 14.43 
Table 25 Water flow data for the 0 038"xl16 250" tube 
height (in.) mass (g) time temp Patm 
±0.125 ±0.2 (sec.) (e) (psia) 
110.438 305.8 1547.85 26.8 14.24 
110.438 311.5 1578.81 28.8 14.24 
110.438 300.5 1514.19 29.6 14.24 
110.188 338.5 1737.56 28.9 14.28 
Table 2.6 Water flow data for the 0 033"x123 375" tube 
height (in.) mass (g) time temp Patm 
±0.125 ±0.2 (sec.) (e) (psia) 
110.375 195.3 1820.49 26.1 14.28 
110.375 198.8 1812.34 27.2 14.28 
110.188 198.9 1799.41 28.3 14.28 
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Table 2.7 Water flow data for the 0 031"x74.000" tube 
height (in.) 
±0.125 
110.313 
110.125 .. 
3.0 
2.0 
1.0 
eO.O 
o 
<I 
-1.0 
-2.0 
. 
-3.0 
0.00 
mass (g) 
±0.2 
160.1 
159.3 
1.00 2.00 
time 
(sec.) 
1221.91 
1230.13 
3.00 
data point 
temp 
(C) 
29.44 
29.44 
. 
4.00 
Patm 
(psia) 
14.28 
14.28 
. 
5.00 6.00 
Figure 2.4 Calculated diameter for the tube geometry ofO.049 I x46.000" 
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Figure 2.5 Calculated diameter for the tube geometry ofO.038"xl16.250" 
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Figure 2.6 Calculated diameter for the tube geometry ofO.033"x123.375" 
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Figure 2.7 Calculated diameter for the tube geometry of 0.031 "x74. 000" 
a e . enSllVUY 0 lame er 0 ev ueo T hI 28 S ·f·t fd· t t th al fC 
Dimensions Diameter (1 0-3 in) 
ID(10-3in) x Length(in) C=O C=2 C=4 
49.00 x 46.000 47.70 48.20 48.80 
33.00 x 123.375 31.90 32.00 32.00 
38.00 x 116.250 36.20 36.20 36.30 
31.00 x 74.000 29.00 29.10 29.10 
Note that the 46-inch tube is the shortest tube tested and it is more sensitive to the 
.value of C than other longer tubes. The uncertainty in diameter for the above tubes due to 
the measurement uncertainties is also analyzed using the approach discussed before. For 
each tube, the total uncertainty shown in Table 2.9 is dominated by the uncertainty in the 
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value of C. The uncertainty propagated from the mass and pressure measurements is 
negligible. 
T bl 29 A al d" d £4 b a e ctu lameter an uncertamty or tu es teste d 
., 
Dimensions Actual diameter and uncertainty 
ID (10-3 in) x Length (in) (1 0-3 in) 
49.00 x 46.000 47.68<48.20<48.82 
33.00 x 123.375 31.89<32.00<32.01 
38.00 x 116.250 36.19<36.20<36.31 
31.00 x 74.000 28.99<29.10<29.11 
The obtained actual diameters will be put into the CTSLHXSIM model to run the 
refrigerant data and determine the best friction factor correlation and heat transfer 
correlation. 
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Chapter 3 
Non-adiabatic flow test of refrigerant R-134a in a capillary tube-suction 
line heat exchanger 
3.1 Experimental apparatus 
The experimental apparatus used to obtain non-adiabatic capillary tube data is 
shown in Figure 3.1. It consists of two separate loops: i) the refrigerant test loop and ii) a 
5-hp R-502 condensing loop that provides the necessary cooling. 
3.1.1 Refrigerant loop 
A diaphragm pump (Wanner, Hydra-cell model M03SRSTSSEy) was selected for the 
refrigerant loop instead of a compressor, because oil-free refrigerant data are desired. If a 
compressor is used to supply the mass flow, an oil separator must be installed. However, 
oil separators cannot remove all of the oil from the circulating refrigerant. The diaphragm 
pump, which requires subcooled liquid at its inlet, is very oversized for this application. 
Therefore, most of the flow exiting the pump is routed through a bypass line. To ensure 
that subcooling is maintained in the bypass line, a R-502 heat exchanger cools the flow 
before it is delivered back to the pump's inlet line. To overcome the pulsations created by 
the pump, a two-phase mixture is created as the refrigerant passes through a warm, well 
mixed, thermally controlled, ethylene-glycol tank which is located just downstream of the 
pump. As the refrigerant flows through a coil in the bath, it is heated to a two-
phase mixture. The reservoir, by holding a two-phase mix, dampens the pressure 
oscillations and sets the high-side system pressure. This tank is therefore called pressure 
setting tank, or pressure regulating tank (PRT). A vertical sight glass mounted outside the 
tank enables the liquid level within the reservoir to be monitored. The tank temperature is 
maintained manually with a 1-kW heater (Temp stir, Precision Scientific Company). 
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Figure 3. 1 Diagram of capillary tube-suction line heat exchanger test loop 
The saturated liquid is removed :from the bottom of the PRT and subcooled in an 
R-502 heat exchanger. The mass flow rate is then measured by a Micro Motion Model 
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DS012S100 mass flow meter. The temperature of the refrigerant is indicated at the flow 
meter. It is usually 50 of to 100 of subcooled at that point. 
To set the appropriate amount of subcooling at the capillary tube inlet, another 
well mixed, temper:a:~e controlled, ethylene-glycol filled subcool setting tank (SST) is 
used. The SST temperature is maintained by a 2-kW heater connected to a Capp Model 
535 controller. A pump submersed in the tank is used to circulate warm ethylene glycol 
through the tank, which is so oversized that the refrigerant exits at a temperature very 
close to the tank temperature. Therefore, by setting the temperature of the PRT and SST, 
the inlet pressure and temperature, and thus the amount of subcooling, is controlled. 
After exiting the capillary tube, the refrigerant goes through an evaporator, which 
IS coiled from 12 feet of copper tube and wrapped with electric resistance heater tape. 
The electric heater is controlled manually with a Variac. To verify that superheated gas 
was flowing through the suction line, sight glasses are installed before and after the 
suction line heat exchanger. 
After exiting the suction line, a R-502 cooled heat exchanger condenses the 
superheated vapor to pure liquid, so that it can be pumped again. If the condenser starts to 
fill with liquid, the exit pressure climbs to unacceptable levels. A small gear pump was 
therefore installed after the condenser to help keep it as empty as possible. To verify that 
subcooled liquid was reaching the pump, a sight glass is located just downstream of the 
point where the bypass line and condensed flow merge. 
3.1.2 R-502 cooling loop 
A R-502 cooling loop powered by a 5-hp compressor/condenser package 
(Copeland, MRA2-0500-TFC-100) shown in Figure 3.2 is used to remove the heat from 
the test loop. The unit uses the chilled water tapped from the building air-conditioning 
system, to condense the superheated R-502 vapor exiting the compressor. The subcooled 
R-502 branches into three parallel heat exchangers. A manual needle-type expansion valve 
is located upstream of each of the three heat exchanges. The refrigerant passing through 
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each valve is throttled to a cold, saturated state. Thermocouples are attached to the 
surface of the copper tubes before and after each heat exchanger to monitor temperature 
and check for proper, cooling capacity in each line. Past the heat exchanger, the lines 
merge and the flow: h~ads toward the compressor inlet. On its way, the refrigerant passes 
through a suction-line accumulator to remove any liquid from the flow before it enters the 
compressor. 
Chilled 
water 
Flow direction 
• 
Needle 
valve 
Heat 
exchanger 
HX 
1 , 
~----........... Accumulator 
Condensing unit 
HX 
+ 
Figure 3.2 Diagram ofR-502 cooling loop 
3. 1.3 Instrumentation 
HX 
+ 
Owing to the fact that different capillary tube-suction line heat exchangers were to 
be tested, ball valves and charging ports are located just up and down stream of the test 
section. These valves allow a new heat exchanger to be installed without discharging the 
whole system. Before entering the capillary tube, the pressure and temperature of the 
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refrigerant are measured. After exiting the capillary tube, the pressure is measured. Before 
and after the suction line, the temperature is measured. 
The inlet and ()utlet pressures are measured with a Setra Model C280E 0-500 Psia 
(0.11 % full scale acc&acy) and a Setra Model 206 0-250 Psig (0.13% full scale accuracy) 
pressure transducer, respectively. The thermocouples were found to be accurate to within 
± 0.43 of by calibration. 
3.1.4 Data acquisition system 
A Campbell Scientific Model21X Micrologger interfaced to an IBM PC is used to 
collect data. The datalogger has only eight terminals for receiving information. Because 
many temperature measurements are made, a Campbell Scientific Model AM 416 
Multiplexer is used to scan the thermocouple signals. Each scan of the datalogger consists 
of receiving and manipulating signals from the mass flow meter, the pressure transducers, 
and all of the thermocouples connected to the multiplexer. These scans are averaged over 
a minute and saved in the datalogger memory. On a given command, the data is 
transferred to the hard drive. 
3.2 Experimental procedure and test matrix 
The geometries of the ct-sl hx tested are given in the following Table 3.1. The 
diameters of the capillary tubes were obtained from laminar water tests as summarized in 
Chapter 2 section 2.4. 
T bl 3 I Ge a e f h ometry 0 t e ct-s I h t h ea exc angers 
Tube Ct diameter Sl diameter Inlet Hx Outlet 
(in) (in) (in) (in) (in) 
A 0.0291 0.375 20.0 40.0 14.0 
B 0.0362 0.313 51.0 62.0 8.0 
C 0.0320 0.256 47.0 50.5 28.0 
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Prior to data collection, the measurement uncertainties for various parameters 
were determined. A st~ady state condition at 90 OF condensing temperature was therefore 
set up, and mass flow,' pressure and temperature were recorded every 5 seconds in a 10-
minute period. The I-minute averages of measured parameters are shown in Table 3.5. It 
was observed that there were negligible random fluctuations in pressure and temperature 
measurements. But since the temperature of PRT and SST were not be able to be held 
perfectly constant, the inlet pressure and temperature changed slowly but monotonically, 
as did the suction line inlet temperature. However, during the data collection, a ± 0.20 
IbmJhr fluctuation in mass flow measurements were observed in the data displayed on the 
PC monitor at 5-second intervals. The high frequency fluctuations in mass flow 
measurements seemed to be caused by the high frequency pulsations created by the pump. 
For each data point in Table 3.2, mass flow rates were calculated using the 
CTSLHXSIM model and listed in Table 3.3. 
Table 3.2 The I-minute average of measured parameters (Tube A) 
Time mdot Pin Pout Tin Tout Tsli 
Jminute) (lbmJhr) (psia) (psig) (F) (F) (F) 
0 12.50 121.08 27.14 83.40 67.59 46.81 
1 12.47 121.38 27.22 83.50 67.44 46.33 
2 12.53 121.58 27.28 83.60 67.26 45.81 
3 12.55 121.68 27.33 83.70 67.16 45.46 
4 12.51 121.88 27.37 83.80 67.11 45.16 
5 12.56 122.18 27.45 83.90 67.06 44.93 
6 12.60 122.38 27.52 84.00 66.99 44.56 
7 12.55 122.58 27.58 84.10 66.83 44.12 
8 12.52 122.68 27.62 84.10 66.82 43.95 
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Table 3.2 (cont.) 
9 12.56 122.88 27.64 84.20 66.76 43.66 
, 
10 f2.60 122.98 27.70 84.40 66.65 43.26 
T bl 33M d d al I d fl fi 10· ·d a e easure an c cu ate mass ow or a -mmutepeno 
Time Measured mass flow Calculated mass flow Amdot 
(minute) (Ibrn/hr) (lbrn/hr) (lbrn/hr) 
0 12.50 10.58 1.92 
1 12.47 10.64 1.83 
2 12.53 10.69 1.84 
3 12.55 10.70 1.85 
4 12.51 10.73 1.78 
5 12.56 10.78 1.78 
6 12.60 10.82 1.78 
7 12.55 10.85 1.70 
8 12.52 10.88 1.64 
9 12.56 10.92 1.64 
10 12.60 10.90 1.70 
The mean value of the column Amdot in Table 3.3 is 1. 77 Ibrn/hr, and the 1-
minute averages lie within ± 0.15 Ibrn/hr. The 1.77 Ibrn/hr is attributed to the inaccuracy 
of the CTSLHXSIM model and the ± 0.15 Ibrn/hr deviations are apparently due to 
instrumentation error, such as fluctuations of the mass flow meter, since the variations in 
inlet temperature and pressure were observed to be negligible. 
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The complete test matrix for each tube are outlined in Table 3.5, Table 3.6 and 
Table 3.7. The "X" denotes that superheat was not able to be held constant during the 
duration of the test. for tube A, the subcooling loop at 130 of condensing temperature 
was repeated later on the same day. For tube B, the sub cooling loop at 110 of condensing 
temperature was also repeated later (but not on the same day). The tube B sub cooling 
loop at 130 OF condensing temperature was not achievable due to the insufficiency of 
heater power, which made it impossible to produce superheated vapor flow through 
suction line. 
Table 3.4 Test matrix for steady state non-adiabatic flow ofR-134a (Tube A 
Condensing temperature 90 110 130 130 
(OF) 
Sub cooling (OF) 0-25 0-30 0-40 0-40 
Superheat (OF) 20 10 10 10 
Table 3.5 Test matrix for steady state non-adiabatic flow ofR-134a (Tube B) 
Condensing temperature 90 110 110 
(OF) 
Subcooling eF) 0-30 0-30 0-25 
Superheat (OF) X 18 24 
Table 3.6 Test matrix for steady state non-adiabatic flow ofR-134a (Tube C) 
Condensing temperature 90 110 130 
(OF) 
Subcooling eF) 0-25 0-25 0-40 
Superheat COF} 25 24 X 
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In an attempt to minimize hysteresis effects of the kind observed by Meyer and 
Dunn (1996), each data set begins with the two-phase flow at the capillary tube inlet. The 
SST is then slowly cooled at a rate of about 0.2°F to 0.3°F per minute, by circulating the 
ethylene glycol through an ice bath. Thus, the amount of subcooling at the capillary tube 
inlet is increasing very slowly. When the maximum sub cooling is reached, the heater in the 
SST is turned up, so that the sub cooling slowly decreases to zero. In this fashion, a 
complete "loop" is taken at constant pressure for every condensing temperature. However, 
during this process, the suction line inlet temperature was not able to be held exactly 
constant. A maximum deviation of ± 3 OF was seen in the data. As discussed in the 
following Chapter 4, the simulation model indicates that this could cause a ± 0.1 lbm/hr 
deviation in mass flow through the capillary tube. 
The actual "steady state" data points (I-minute averages) obtained from increasing 
sub cooling path are shown in Table 3.8, Table 3.9 and Table 3.10. The stability of these 
data points is documented in Appendix F. The variations of capillary tube inlet pressure in 
4-minute time span are within 1 psia (i.e. ± 0.5 psi) for 80% of all the cases. In the worst 
situation, the variation is 2.4 Pisa. For all the cases, the variations of capillary tube outlet 
pressure (which is suction line inlet pressure) in 4-minute time span are within 1 Psia. The 
variations of capillary tube inlet temperature in 4-minute time span are within 2 OF for 
92% of all the cases. In the worst situation, the variation is 2.7 OF. Finally, the variations 
of suction line inlet temperature in 4-minute time span are within 3 OF for 72% of all the 
cases. In the worst situation, the variation is 4.6 OF. The mass flow rates shown are one 
minute averages, with an uncertainty of ± 0.15 lbm/hr in the mass flow measurement. 
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Table 3.7 Steady state non-adiabatic flow ofRefriJ:?;erant R-134a data (Tube A) 
-, 
mdot -, Pin Pout Tin Tout Tsli Tslo 
(lbmJhr) (psia) (psia) (OF) (OF) (OF) (OF) 
13.14 120.67 41.04 81.00 69.44 53.39 72.60 
13.15 122.38 41.68 76.60 67.57 53.66 69.89 
13.19 122.28 41.93 71.50 64.32 51.82 66.17 
13.37 124.49 42.39 67.66 62.87 52.93 63.94 
15.81 163.42 47.36 100.90 78.00 48.71 83.80 
15.89 160.11 47.99 94.30 73.80 48.65 79.10 
16.07 163.82 48.98 91.20 72.40 48.54 76.90 
15.75 159.61 48.46 84.40 69.70 49.83 73.10 
18.35 212.36 58.11 109.30 86.30 59.36 91.40 
18.09 210.68 57.55 104.00 82.60 57.08 87.20 
18.11 209.58 57.53 98.60 81.40 60.44 84.90 
18.34 210.28 57.96 94.40 79.20 59.99 82.40 
18.57 208.37 58.31 85.10 74.00 59.08 76.10 
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Table 3.8 Steildy state non-adiabatic flow of Refrigerant R-134a data (Tube B) 
mdot -,pin Pout Tin Tout Tsli Tslo 
(lbm/hr) (psia) (psia) 
.eF) eF) (OF) (OF) 
18.57 119.20 28.20 74.70 50.13 37.86 67.69 
18.56 117.40 28.33 71.80 48.31 36.13 65.32 
18.67 118.00 28.53 67.61 47.40 36.32 62.21 
18.32 114.50 27.97 64.73 47.27 40.11 60.91 
19.29 119.70 28.94 60.28 46.03 38.57 57.24 
22.42 159.60 32.51 93.20 57.79 41.18 81.30 
22.47 159.70 32.67 90.10 52.72 39.79 78.60 
22.86 159.00 33.07 85.20 57.24 35.30 74.40 
22.68 158.00 33.16 81.10 56.78 39.72 72.00 
22.73 160.80 32.60 94.90 56.39 37.74 82.00 
22.75 160.60 32.72 89.80 55.75 37.39 78.20 
22.87 160.50 33.12 84.80 54.77 36.48 74.30 
23.03 163.30 33.91 80.70 54.96 38.77 71.60 
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Table 3.9 Steady state non-adiabatic flow of Refrigerant R-134a data (Tube C ) 
mdot Pin Pout Tin Tout Tsli Tslo 
(lbm/hr) :(p~ia) (psia) (OF) (OF) (OF) (OF) 
12.46 119.90 23.34 79.50 48.62 29.50 69.22 
12.46 119.10 23.49 74.80 49.93 29.08 66.19 
12.55 119.00 23.68 69.98 50.39 30.13 63.33 
12.88 119.60 24.21 65.39 55.33 29.35 60.19 
14.67 157.90 25.32 97.70 52.59 31.38 81.60 
14.42 156.80 25.19 93.00 51.61 32.02 78.60 
14.38 155.80 25.11 87.60 51.29 35.11 75.70 
14.80 157.10 25.65 83.10 50.63 31.47 71.60 
19.03 210.70 28.91 116.60 63.77 27.39 93.10 
19.15 211.50 29.50 110.60 65.64 29.66 89.40 
19.09 210.4 29.66 105.90 66.38 31.24 86.30 
19.24 209.3 29.99 101.10 66.44 29.43 82.50 
Example graphs showing mass flow rate versus subcooling under specific 
condensing temperature are shown in Figure 3.3 and Figure 3.4. Each test begins with 
two-phase flow at the capillary tube inlet. Mass flow rates were one-minute averages 
recorded by an mM PC. Inlet subcooling was calculated from inlet pressure and 
temperature. The complete set of graphs is included in Appendix F. 
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According to Meyer and Dunn's (1996) experience with adiabatic capillary tube 
testing, the Micro Motion mass flow meter won't give a valid flow rate until the 
subcooling reaches at least 5 of at capillary tube inlet. In non-adibatic capillary tube 
testing, mass flow rate is affected by temperature at the suction line inlet as well. Only 
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after the flow rate was stablized, could the power input to the "evaporator" heater be 
adjusted to heat the two-phase mixture to single phase vapor with desired amount of 
superheat. Recall that the pressure setting tank (PRT) temperature was manually 
controlled with a 1 -"kW heater, which adds difficulty in maintaining a stable inlet pressure. 
The following Figure 3.5 and Figure 3.6 are to graphically describe the inlet 
condition at the capillary tube and suction line for a typical subcooling loop. 
3.3 Repeatability 
As seen from Figures 3.3, 3.4 and the complete set of graphs in Appendix F, it is 
clear that there exists hysteresis effect in non-adiabatic capillary tubes. Under a given inlet 
pressure, mass flow depends on whether AT sub is increasing or decreasing. However, the 
hysteresis effect is not repeatable. This is confirmed from tube A. Same test (130 OF 
condensing temperature and 10 OF superheat) was repeated on the same day. The actual 
mass flow rates versus subcooling from each test were presented in Figure 3.7 and Figure 
3.10. The corresponding inlet temperature and pressure are also shown below. 
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Figure 3.7 130 OF condensing temperature and 10 OF superheat (Tube A) 
In Figure 3.7, mass flow did not stabilize until subcooling reached about 13 OF, 
which occured 50 minutes into the experiment as shown in Figure 3.8 and 3.9, when the 
suction inlet conditions were finally stabilized. Then the mass flow remained very constant 
and displayed no hysteresis as subcooling was increased to 45 OF then decreased over the 
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next 3 hours. Note that the slight dip in mass flow at 37 of subcooling occurred at t= 141 
min, when suction line inlet temperature was 3 of higher than desired as shown in Figures 
3.8 and 3.9. 
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In Figure 3.10, mass flow did not stabilize until subcooling was about 8 of, which 
occurred 64 minutes into the experiment as shown in Figure 3.11 and 3.12 when the 
capillary tube and suction line inlet conditions were finally stabilized. It is obvious that the 
mass flow was not repeatable as subcooling was increased to 40 of and then decreased 
over the next 3 hours. 
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Chapter 4 
Effect of capillary tube hysteresis on system COP 
4.1 Introduction-, 
Our CTSLHXSIM model results were compared with data taken from a fully-
instrumented Whirlpool test refrigerator at 60°F, 75°F and 90°F ambient temperature. As 
shown in the following Figure 4.1, for all the steady-state data points taken at 75°F 
ambient temperature, there is only about 0.5 lbmlhr difference among the measured mass 
flows. However, the predicted mass flows are spread out in a 2.5 lbmlhr-range. An 
experiment was designed to explore the possibility that a metastable effect might be 
contributing to this behavior. 
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Figure 4.1 CTSLHX mass flow versus measured mass flow 
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4.2 Description of the experiment 
The first step taken was to confirm the existence of the capillary tube hysteresis 
phenomenon which w~s first observed by Meyer and Dunn (1996) in adiabatic tubes. An 
, 
experiment was perrormed at 75°F ambient temperature. The refrigerator system was 
initially operating at steady state (Tz=34°F, TF59°F) with a steady state two phase inlet 
to the capillary tube. The temperature controller for the fresh food compartment was then 
set at 70°F and the controller for the freezer compartment at 60°F, so the cabinet heaters 
started gradually increasing the air temperatures. The cabinet temperatures were 
maintained at unrealistically high levels to ensure that there was sufficient subcooling at 
the condenser exit to monitor the capillary tube inlet conditions continuously throughout 
the experiment. Data were taken at every 20 seconds. System reached steady state again 
about 70 minutes later near the set-point. During this process, the mixed (freezer and fresh 
food) air temperature at the evaporator inlet increased from 37°F to 62°F. The data shown. 
in Figure 4.2 trace the temperature trajectories of freezer and fresh food compartments. 
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Next the (mixed) evaporator air inlet temperature was decreased from the steady 
state point just reached. The controller settings of the two compartments were changed 
every 10 seconds to. ensure that the temperature profile of freezer and fresh food 
compartments wasjde'ntical to that shown in Figure 4.2. In an other words, the goal was 
to match the temperature profile from the decreasing Taevapin process to that of 
increasing Taevapin process. As Taevapin increased, the point at which subcooling at 
capillary tube inlet began to occur was found to be (TF66°F, Tz=42°F), so on the 
downward part of the cycle the data logging was stopped at that point. It took 
approximately 30 minutes for the system to reach that point on the downward part of the 
cycle, and the temperature profile of freezer and fresh food compartments was plotted in 
Figure 4.3. This experiment was repeated later that same day. 
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4.3 Results 
The subcooling at the capillary tube inlet was determined from the measured 
condenser exit pressure (P3) and temperature (T3). In Figure 4.4 it is plotted versus 
, 
evaporator air inlet temperature Taevapin. Data from the two complete cycles were 
plotted in one figure to demonstrate repeatability. The superheat at the evaporator outlet 
is plotted versus Taevapin for one complete cycle in Figure 4.5. Again, two different paths 
are presented. It might be expected that a refrigerator with variable-speed compressor 
would operate in the range between these two paths. A close look to the refrigerant side 
data shows that there is no difference in condenser exit pressure (P3) but significant 
difference in condenser exit temperature (T3) between the two paths. 
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System COP (defined as the ratio of (Qevap-Evaporator fan power)/system 
power) for one complete cycle is calculated and plotted in Figure 4.6. It is clear that 
system COP for the points on the increasing Taevapin path is consistently lower than those 
on the decreasing Taevapin path. It can be explained from air side analysis which reveals 
the hysteresis effect of capacity, as shown by the evaporator air outlet temperature in 
Figure 4.7 and Qevap in Figure 4.8. On the decreasing Taevapin path, Taevapout is 
lower, which causes the Qevap to be higher, and therefore COP is higher. The exit air was 
colder, despite the slightly greater superheat along the decreasing evaporator air inlet 
temperature path. The higher capacity shown in Figure 4.8 can be explained by the fact 
that the refrigerant evaporating temperature T7 is about l°F lower on the decreasing 
Taevapin path. 
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Figure 4.8 Qevap calculated from air side energy balance 
To explain the hysteresis effect from refrigerant side analysis, a control volume 
around the evaporator and ct-slhx was drawn, and a refrigerant energy balance was 
written. The refrigerant enthalpy at the capillary tube inlet (h3), compressor inlet (h11), 
and the difference between h 11 and h3, which shows Qevap per unit mass of refrigerant 
are plotted versus Taevapin for one complete cycle in Figure 4.9,4.10 and 4.11. All three 
variables are path dependent. At each Taevapin, there are two possible values of h3, hll 
and (hll-h3), depending on whether Taevapin is increasing or decreasing. h3 and hll are 
more sensitive to temperature (t3, t11) than pressure (p3, P11). In Figure 4.9, the 
difference of h3 between the two paths is due only to the difference in sub cooling. In 
Figure 4.10, the difference of hll between the two paths is due to the difference in 
refrigerant temperature at the compressor inlet, tIl, shown in Figure 4.11. As shown in 
Figure 4.12, (hl1-h3) is higher on the decreasing Taevapin path. This is in consistent with 
air side analysis which concludes that Qevap is higher on the decreasing Taevapin path. 
But the increase in L\h can only explain part of the increase in capacity calculated from air 
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side analysis. The rest may be due to the hysteresis effect of mass flow, which in tum may 
be caused by the hysteresis effect of ATsub, as reported by Meyer and Dunn (1996). 
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44 
65 
65 
91 
-.89 
~ 
'-" 
-
-..... 88 
87 
86 
40 45 50 55 60 65 
Taevapin eF) 
Figure 4.11 Measured refrigerant temperature at the compressor inlet 
62.5 
62.0 
-. 
e 
:§ 61.5 
..... 
e 
M 
--961.0 
-
-..c 
60.5 
60.0 
40 45 50 55 
Taevapin (OF) 
60 
Figure 4.12 Qevap per unit mass of refrigerant 
65 
Mass flow rate of one complete cycle was calculated from a curve fit of saturation 
temperature at the inlet and outlet to the compressor. In theory, the existence of the 
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metastable liquid region would result in a higher measured mass flow rate than what 
would be in the thermodynamic equilibrium case. However, oscillations in measured 
compressor inlet pressure were seen in the data, which adds noise in mass flow rate 
calculation. As a result, calculated mass flow rates were not sufficiently accurate to reveal 
metastable behavior. 
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In order to understand what is happening inside ct-slhx, the CTSLHX simulation 
model was run with 4 pairs of state points having different measured sub cooling and the 
same Taevapin (45°F, 50°F, 55°F and 60°F respectively). Results show that there is only 
one state point (45°F) on the increasing Taevapin path that flashes in the inlet region. For 
the rest of the points flashing occurs in the heat exchanger region. For all the 8 conditions, 
no recondensation .. occurs in the heat exchanger region, which means the throttling effect 
is always stronger than the heat transfer effect. This is because Whirlpool unit has a 
relatively small capillary tube diameter (0.03189 in). The following Figure 4.13 is to 
illustrate the metastable region in a capillary tube - suction line heat exchanger. 
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4.4 Conclusions 
The sub cooling at capillary tube inlet is path-dependent. The data demonstrate 
clearly the existence of metastable behavior in an actual operating refrigerator. Its effect 
on system COP could be as large as 6%, which may be broken down into 1.3% increase 
in Qevap per unit mass of refrigerant and 4.7% increase in mass flow. Also, These data 
confirm that metastable behavior in diabatic section is qualitatively similar to that observed 
by Meyer and Dunn (1996) in adiabatic capillary tube tested on a capillary tube loop. His 
experiments conclude that under a given inlet pressure, mass flow depends on whether 
.1Tsub is increasing or decreasing (i.e., whether the flash point is moving upstream or 
downstream) in his adiabatic tube. 
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In this study, Taevapin was increased slowly to force L\Tsub increase steadily. 
However, in a real refrigerator cycle, Taevapin decreases due to cabinet air cooling, while 
L\ Tsub increases for an. entirely different reason: refrigerant maldistribution. The condenser 
contains only vapor at-' the start of the cycle, so the exit quality decreases steadily and then 
subcooling increases gradually until reaching its steady-state level. Since Taevapin is 
decreasing simultaneously in a cycling refrigerator, it is not clear whether the hysteresis 
observed during our quasi-steady experiment will actually exist during a refrigerator cycle. 
If it did exist, it is likely that the refrigerator would operate at the lower COP during the 
on-cycle as the flash point moves downstream. 
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Chapter 5 
CTSLHXSIM model validation 
The capillary t4be-suction line heat exchanger is one of the four major components 
of the refrigeration system. It appears to be a very simple device, but in reality, it is 
probably the most complex component in the refrigeration system to model. The ability of 
the CTSLHXSIM model to accurately predict the mass flow determines the accuracy of 
the system model. In order to evaluate the performance of the CTSLHXSIM model, a 
comparison of experimental and simulation results was conducted. 
5.1 Two-phase friction factor correlation 
Three different two-phase friction factor correlations were examined within the 
CTSLHXSIM model. The first friction factor is derived by Piexoto and Bullard (1994), 
based on the assumption of intermittent (slug/plug) flow similar to that which can occur in 
a soda straw. Assuming that both phases are moving at the same velocity, the frictional 
forces acting on the tube wall can be expressed as the sum of the shear forces acting on 
the portions of the wall exposed to liquid and vapor. 
V2 r fg ff l 
I1P = tlPvapor + tlPliqUid = -l- Il'Zg + - I1Z fJ 2D Vg vf (5.1) 
F or slug/plug flow in a constant diameter tube, the lengths (ll'Zi) in the above 
equation can be related to the void fraction for homogeneous flow. The void fraction 
defines the surface areas over which each of the single-phase friction forces act. After 
summing the liquid and vapor contributions to the pressure drop, the overall friction factor 
can be expressed as a mass-weighted average of the two single-phase friction factors, 
shown in equation (5.2): 
f avg = (I-x)ff + x Ofg (5.2) 
where ff and fg are determined from the single-phase correlation shown in equation (5.3) 
by using the vapor and liquid viscosity, respectively, in the Reynolds number calculations. 
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This result also holds for other homogeneous flows (e.g. bubble, fog) where the void 
fraction defines the fraction of the wall surface exposed to vapor and liquid shear. For 
each phase, 
-', 
f = 0.25[10 (e / D + 5.74 )]-2 g 3.7 Reo.9 (5.3) 
The second friction factor is obtained by defining a "two-phase viscosity" which is 
used in the Reynolds number calculation. Although there are different ways to formulate 
this viscosity, Pate (1982) tried three different formulations and found that Dukler's (1964) 
void fraction weighting of liquid and vapor viscosities was the best. In his paper, Dukler 
showed that the void-fraction weighting procedure was the only method compatible with 
proper scaling of homogeneous two-phase flow. The void-fraction weighting procedure 
can be seen in equation (5.4). 
f.l = xv,Jiy +(1- X)VIf.l1 
V (5.4) 
This "two-phase viscosity" is used to determine the Reynolds number, and then the friction 
factor is determined from equation (5.3). 
The third friction factor is an empirical two-phase correlation that was developed 
by deSouza (1995). The correlation, which uses the Lockhart-Martinelli parameter (Xtt) 
and the Froude number, was designed to predict the two-phase pressure drop in heat 
exchanger tubes. It calculates the friction factor as if it were a single-phase flow, because 
of the liquid film where the shear forces act on the tube wall, and then modifies it to 
account for the presence of the high speed vapor flow in the core. 
APt = APLo ~f tP102dx; (5.5) 
where flPLo is the frictional pressure drop for the total mixture flowing as a liquid, Ax is 
the change in quality, and tPlo2 is a two-phase multiplier defined as the ratio of two-phase 
friction pressure gradient to the friction pressure gradient if total mixture flows as a liquid. 
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This correlation was developed from extensive testing of several refrigerants in 
tubes greater than or equal to O.llS inches (3 mm) in diameter. 
These different friction factors were first used to calculate the mass flow rate 
through the adiabatic ~apillary tube. The predicted mass flow rates were compared with 
experimental data taken by Meyer and Dunn (1996). The diameter of Meyer and Dunn's 
tube was obtained from a laminar water test discussed in Chapter 2. Assuming it is a 
smooth tube, the comparison of predicted mass flow and calculated mass flow are shown 
in Figure 5. 1 and 5.2.As the figures show, the mass flow rates predicted when the 
deSouza correlation is used are consistently higher than the other two correlations, and 
therefore are closest to Meyer and Dunn's experimental data. 
The above three correlations were also used to predict the mass flow through the 
capillary tube-suction line heat exchangers and compared with the experimental data 
obtained from tubes A and B. 
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Results from both Tube A and B show that all three correlations provide similar 
results. However, deSouza's correlation gave slightly better results when compared to 
experimental data. Sin~e the model is underpredicting mass flow, it appears that deSouza's 
.. !
correlation is the best choice, despite the fact that it was obtained at lower mass fluxes 
typical of heat exchangers, not the high fluxes found in capillary tubes. 
A detailed analysis of each data point shown in Figure 5.3 can be seen in Table 
5.1. Figure 5.3 and Table 5.1 suggest that best agreement between data and model 
predictions appears when liquid accounts for the highest percentage of the pressure drop, 
and the two-phase frictional pressure drop is the smallest, and flash point is far 
downstream. In that case, the two-phase length is the shortest and the error due to the 
uncertainty in two-phase friction factor is the smallest. These results are consistent with 
the hypothesis that all the correlations underpredict the two-phase frictional pressure 
drop. 
a e . llYSlS 0 stea ly state ata pomts T bl 5 1 Ana  . f d d 
Tcond 4Tsub Flash point 4Pliq 4P2ph 4P2ph 
(OF) eF) (% Lct) (%) friction (%) acceleration (%) 
90 10 61% 34% 41% 25% 
90 15 79% 48% 28% 24% 
90 20 84% 56% 23% 21% 
90 25 87% 60% 20% 20% 
110 10 83% 52% 29% 19% 
110 15 86% 57% 24% 19% 
110 20 88% 61% 21% 18% 
110 25 90% 64% 18% 18% 
130 20 87% 60% 23% 17% 
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Table 5.1 (cont.) 
130 25 89% 64% 19% 17% 
130 -30· 
" 
90% 66% 18% 16% 
130 35 92% 69% 17% 14% 
130 40 94% 75% 12% 13% 
Using deSouza's two-phase friction factor correlation, errors in mass flow 
prediction were calculated for steady state data points obtained from tube B. They were 
plotted versus sub cooling in Figure 5.4. This time, data points from both increasing 
sub cooling path and decreasing subcooling path were used. Still, the CTSLHXSIM model 
is underpredicting mass flow rate. But again, as the subcooling is increased, the error in 
mass flow prediction is decreased. 
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Figure 5.4 Errors in mass flow prediction (Tube B) 
In the CTSLHXSIM model, the capillary tube roughness was assumed to be the 
average roughness of all the tubes tested by Sweedyk (1981). Roughness could affect the 
mass flow rate calculated by the CTSLHXSIM model, because the friction factor 
calculation includes the relative roughness ratio (E/D) as a variable. However, if a smooth 
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tube were assumed, this will only give a 1.4% increase in predicted mass flow rates. The 
presence of metastable behavior near the flash point could also influence the mass flow 
rate in the capillary tui>e. 
5.2 Metastable effect 
Studies on mestable behavior have been conducted by many researchers. A clear 
systematic influence of the metastable behavior on the mass flow rate of a capillary tube 
were observed. Kuijpers and Janssen (1983) reported that measured mass flow exceeded 
calculated mass flow, based on homogeneous and equilibrium conditions, as far as 10-
12%. It was also stated by Kuijpers and Janssen that the metastable behavior (i.e., 
underpressure of vaporization) decreases with increasing flow rates, probably due to 
turbulence effects. A higher average mass flow rate could reduce the deviation to 5-7%, if 
subcooling higher than 5 K was applied. Their conclusion was based on a large number of . 
measurements of adiabatic capillary tube having an inner diameter of 1.0055 mm (0.0396 
in) and refrigerant R12. Cooper (1957), Mikol (1963) and Koizumi (1980) claimed that 
metastable behavior increases with decreasing inside diameter and increasing tube length. 
Li and Lin (1989) obtained similar conclusions through experimental observations. In 
summary: 
1. The larger the diameter of the capillary tube, the lower the underpressure of 
vaporization, and the shorter the length of the metastable flow in the single-phase liquid. 
2. The larger the refrigerant mass flux, the lower the underpressure of 
vaporization. 
3. An increase of the inlet sub cooling decreases the underpressure of vaporization. 
Figure 5.3 shows that predicted mass flows agree with data better at higher mass 
flow rate and higher subcooling. This is in consistent with the above conclusions. 
Meyer and Dunn's (1996) data provided a further explanation of metastable 
behavior. Their data show a hysteresis effect when mass flow is plotted as sub cooling is 
increasing and decreasing. Therefore, the mass flow rate in an adiabatic capillary tube 
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depends on whether subcooling is increasing or decreasing. They hypothesized that as the 
subcooling is decreasing, it is possible to create and lengthen a metastable region. The 
flash point, instead of moving back upstream, may stick at a nucleation site producing a 
., 
region in which liquid flow exists where it might otherwise be two phase. Because of the 
pressure drop resulting from liquid flow is much smaller than that of a two-phase mixture, 
the mass flow rate is increased when a metastable region is present. On the other hand as 
sub cooling is increased, the flash point must move downstream, occupying primarily two-
phase regions. 
For the non-adiabatic flow R-134a data like that shown in Figure 5.3, each data set 
begins with the two-phase flow at the capillary tube inlet and then subcooling is slowly 
increased. Steady state data points were taken on the increasing sub cooling path in an 
attempt to avoid the discontinuous behavior of mass flow that Meyer and Dunn (1996) 
observed in the adibatic capillary tube. However, due to the difficulty of controlling 
superheat while subcooling (hence mass flow) was increasing, the suction line inlet 
temperature varied ±3 OF during these experiments. It is not clear whether this affected the 
"metastability" of the flash point location. 
For a capillary tube-suction line heat exchanger, the dependence of mass flow rate 
on the superheat path was also investigated. A set of "loop" data was taken in the 
following manner: starting with two-phase at the suction line inlet, the power input to the 
electric resistance heater is slowly increased, so that the suction line inlet temperature is 
increasing at a rate of about 0.7 OF to 0.8 F per minute. When 40 OF superheat is 
reached, the power input to the electric resistance heater is slowly decreased, so that the 
suction line inlet temperature is decreasing at no more than 0.7 OF per minute. During 
this process, the capillary tube inlet subcooling was held constant, within ± 0.5 of. The 
capillary tube inlet pressure was held constant, within ± 3 psia. So, the changing of mass 
flow rate is due only to the changing of suction line inlet temperature. The test matrix is 
summarized in Table 5.2. 
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T bl 52 T . :6 h d I a e 
"", 
est matnx or super eate oop 
, 
Condensing Temperature Subcooling Superheat 
(OF) (OF) (OF) 
Tube A 110 10 0-42 
TubeB 110 20 0-37 
TubeC 110 14 0-40 
It is obvious from the following Table 5.3 and Table 5.4 that as superheat 
increases, the heat transfer effect (enthalpy rise in suction line) decreases, and the 
throttling effect increases as indicated by the quality at both the heat exchanger exit and 
capillary tube exit. Therefore, the mass flow decreases. 
T bl 5 3 Cal ltd fl a e cua e d·f :6 • h t T b A ow con I Ion or IncreasIng super ea In u e 
Superheat Measured Recondensation Quality at Quality at cap Enthalpy rise 
(OF) mass flow hx exit tube exit in suction line 
(lbmlhr) (Btulhr) 
10 15.7 No 0 0.16 115 
15 15.6 No 0.013 0.17 101 
20 15.3 No 0.018 0.18 87 
27 15.1 No 0.019 0.20 72 
31 14.4 No 0.021 0.20 63 
43 14.1 No 0.040 0.23 40 
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T hI 5 4 Cal ltd fl a e <;~ a e dO { f1 0 h t T b B ow con I Ion or IncreaSIng super ea In u e 
.':," 
Superheat Measured Recondensation Quality at Quality at cap Enthalpy rise 
eF) mass flow hx exit tube exit in suction line 
(lbmJhr) (Btu/hr) 
5 21.2 Yes 0 0.10 235 
10 21.0 Yes 0 0.11 224 
15 20.8 No 0.002 0.12 200 
20 20.4 No 00007 0.13 181 
24 20.1 No 0.011 0.14 163 
30 19.8 No 0.017 0.15 141 
37 19.0 No 0.028 0.16 115 
In the following detailed analysis of each tube, mass flow rate was plotted versus 
superheat first. Then, enthalpy gain in the suction line was plotted versus superheat. Also, 
flash point locations for selected data points on the increasing superheat path were 
calculated from CTSLHXSIM and plotted versus superheat. Finally, a comparision 
between measured mass flow and predicted mass flow for those selected data points was 
performed. 
Note that on the increasing superheat path of Figure 5.5, when the superheat 
reached 26 of, mass flow dropped 0.7 IbmJhr in one minute to the next point having 
superheat of 30°F (It was overlapped with the point on the decreasing superheat path 
having 30 of superheat). There are two possible explanations: either it was caused by poor 
control of suction line inlet condition (i.e. superheat), or it was the mass flow discontinuity 
that affected the superheat. 
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Indeed the suction line inlet temperature was not well controlled (its average value 
increased from 66.7 of to 68.7 of in one minute) and at the same time, the suction line 
pressure dropped 2 psi causing superheat to increase totally 4 OF in one minute; it might 
have caused the IIUlss;flow to jump. However, in the more stable parts of the graph, it is 
obvious that a 4 OF change in superheat causes only a 0.15 lbmlhr change in mass flow. 
Therefore, we conclude that it is the mass flow that is unstable, and the sudden drop in 
mass flow (from the capillary tube into the electrically heated "evaporator" tubing) caused 
the sudden drop in low-side pressure, which contributed to the sudden increase in 
superheat. 
Note that in Figure 5.8, when the superheat reached 42 OF, the error in predicted 
mass flow was the highest. This is because two-phase length in capillary tube is fairly 
long, due to the lack of heat exchange with suction line. 
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Comparing the data points on the increasing superheat path and decreasing 
superheat path having the same superheat, the temperature rise in the suction line is the 
same. So, the enthalpy gain per unit mass in suction line is the same. However, the mass 
flow rate is different. Therefore, the total heat transfer rate is different. Since enthalpy is a 
strong function of temperature (rather than pressure), it varies significantly as superheat 
varies from 0 OF to 40 OF. Taking tube B as an example, enthalpy gain per unit mass in 
suction line at 5 OF superheat is 9.9 Btu/lbm (total heat transfer rate is 235 Btulhr), and at 
37 OF superheat is 5.3 Btu/lbm (total heat transfer rate is 115 Btu/hr). However, the mass 
flow rate difference is within 1 lbmlhr between the two data points having the same 
amount of superheat. On a large scale shown in Figure 5.9 which is from 90 Btulhr to 250 
Btulhr, the difference in enthalpy gain between the two paths is too slight to see. 
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Figure 5. 14 Mass flow versus superheat at 110°F condensing temperature 
(Tube C) 
Note that on the increasing superheat path of Figure 5.14, when the superheat 
reached 33 of, mass flow dropped 0.5 lbmlhr in one minute to the next point having 
superheat of 35 of. Again, there are two possible explanations: either it was caused by 
poor control of suction line inlet condition (i.e. superheat), or the mass flow discontinuity 
affected the superheat. The more stable parts of the graph shows that a 2 OF change in 
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superheat causes only a 0.13 lbmlhr change in mass flow. Therefore, we conclude that it is 
the mass flow that is unstable, and the sudden drop in mass flow (from the capillary tube 
into the electrically he~ted "evaporator" tubing) caused the sudden increase in superheat. 
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Figure 5.15 Enthalpy gain in suction line (Tube C) 
As shown in Figure 5.5, Figure 5.9 and Figure 5.14, the paths corresponding to the 
superheat increasing and decreasing do in fact go through very different mass flow rates, 
forming a hysteresis curve. If good agreement between the data and model predictions are 
desired, care should be taken to avoid the superheat oscillations during the testing. The 
flash point locations shown in Figure 5.7 and Figure 5.11 were calculated for selected 
points on the increasing superheat path, based on the hypothesis that thermodynamic 
equilibrium was maintained on that path and metastable phenomenon was seen on the 
decreasing superheat path (Meyer and Dunn, 1996). The flash point location is crucial in 
determining refrigerant flow condition inside the capillary tube. Note that the function of 
flash point location versus superheat was not monotonic. As we know, the pressure drop 
in a pure liquid segment is much smaller than that in a two-phase segment having the same 
length. The flash point location is supposed to balance the total liquid and two-phase 
pressure drop inside the capillary tube in such a way that it satisfies critical flow condition 
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at the exit. The CTSLHXSIM model predicts the mass flow and flash point location 
based on the critical flow assumption. Also, the recondensation in the capillary tube 
resulted from heat transfer with the suction line adds to the complexity in flash point 
location. 
Based on the experimental data obtained from Tube A, Tube B and Tube C, it is 
clear that there exits hysteresis effect in non-adiabatic capillary tubes. Under a given 
capillary tube inlet pressure and suction line inlet superheat, mass flow depends on 
whether ~Tsub is increasing or decreasing. Under a given capillary tube inlet pressure and 
subcooling, mass flow depends on whether ~Tsup is increasing .or decreasing. The 
following Table 5.5 and Table 5.6 express the hysteresis effect in terms of percentage 
change in mass flow, assuming equilibrium flow was maintained on the increasing 
subcooling or decreasing superheat path. 
Table 5.5 and Table 5.6 suggest that the hysteresis effect of mass flow in a non-
adiabatic capillary tube could be as large as 7%. However, the hysteresis effect of ~ Tsub 
on the mass flow is not repeatable. This is confirmed from Tube A. As the effect of ~ Tsup 
on the mass flow, so far no experiment has been done to test the repeatability. Therefore, 
at this time it is impossible to describe the hysteresis effect mathematically and include it in 
the CTSLHXSIM model. 
Table 5.5 Hysteresis effect of sub cooling on mass flow 
(Subcooling loop of Tube C with 110 OF condensing temperature) 
~Tsub Mass flow (Btu/hr) Mass flow (Btulhr) Change in mass flow 
(OF) (Increasing ~Tsub path) (Decreasing ~ Tsub path) (%) 
9 15.0 14.0 -7% 
15 14.4 14.2 -2% 
20 14.4 14.2 -1% 
25 14.8 14.5 -2% 
28 14.7 14.7 0 
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Table S.6 Hysteresis effect of subcooling on mass flow 
(Repeated superheat loop of Tube C with 110°F condensing temperature) 
ATsup Mass flqw (Btu/hr) Mass flow (Btu/hr) Change in mass flow 
(OF) (Increasin~ ATsup path) (Decreasing ATsup path) (%) 
11 16.0 IS.2 -S% 
16 IS.8 IS.1 -4% 
22 IS.S 14.8 -S% 
29 IS.2 14.7 -3% 
38 14.4 14.4 0 
42 14.3 14.3 0 
5.3 Heat transfer correlation 
The following heat transfer analysis was based on steady state data points obtained 
from Tube A and Tube B. Figure S .16 shows a comparison of the suction line temperature 
increase predicted by the CTSLHXSIM model and the temperature at Tube A suction line 
outlet which was measured with an immersion thermocouple with an accuracy of ± 0.4 OF. 
This is a good indicator of the accuracy of the heat transfer correlation. Figure S .16 shows 
that the heat transfer predictions are within S% accuracy compared with experimental 
data taken at 110 OF and 130 OF condensing temperature from tube A. However, at 90 OF 
condensing temperature, the model underpredicts suction line outlet temperature by 8%. 
The simulations suggest that could account for a +3% to +4% error in mass flow 
prediction. 
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Figure 5.17 shows a comparison of suction line temperature increase between 
model prediction and experimental data obtained from Tube B. Note in Figure 5.17, the 
model underpredicts by nearly 10% for data points 10, 11 and 20. A close look at these 
data points show that their subcooling is 10 of, 5 of and 10 of respectively. As we 
already know, the pressure profile along the cap tube affects the temperature profile. Once 
again, with low inlet subcooling, the total length of two-phase portion inside the cap tube 
is longer, and the uncertainty in two-phase friction factor correlation becomes significant, 
which causes temperature prediction to be less accurate. 
In the model, the single- and two-phase heat transfer coefficients were calculated 
using the Gnielinski equation (Incropera and DeWitt, 1990). According to Goodson and 
Bullard (1994), this correlation was chosen over the Dittus-Boelter equation (Incropera 
and DeWitt, 1990) and a heat transfer coefficient correlation by Sleicher and Rouse 
(1975), because it is more accurate at the Reynolds numbers in the ct-sl hx model's range 
of operating conditions and provided slightly better results when conclusively compared to 
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experimental data. From this data, it is still not possible to tell whether the errors stem 
from the suction line heat transfer correlation or the capillary tube pressure drop modeling. 
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Chapter 6 
Maximum effectiveness design for capillary tube-suction line heat 
exchanger 
6.1 Performance of the Amana refrigerator's ct-slhx 
The ct-slhx geometry in the Amana test refrigerator, designed for use with R-12, 
is shown in the following Figure 6.1 : 
Suction line == : ... 2.33 ft ~ .. Cap Tube 
----.. ~~3.92 ft-===}--+---4.21 ft---+-- ~ 
Figure 6.1 Standard capillary tube-suction line heat exchanger 
The inside diameters of capillary tube and suction line are 0.033 inch and 0.256 
inch respectively. To help understand the flow condition inside the capillary tube, the 
quality/subcool profile, pressure profile and temperature profile for one particular case 
(90°F ambient, 5°F freezer compartment and 40°F fresh food compartment) were obtained 
from the CTSLHXSIM model (Woodall and Bullard~ 1996), by inputing the operating 
condition and geometry data from the Amana test refrigerator. As shown in Figure 6.2, 
the refrigerant flashes in the inlet, recondenses in the heat exchanger, and flashes again in 
the outlet. 
From Figure 6.3, it is clear that outlet has the most pressure drop per unit length 
due to the high velocity. Note that the pressure at the exit of the capillary tube (pcrit) is 
higher than the evaporating pressure, and the quality at the exit of the capillary tube (xcrit) 
is lower than the quality at the entrance to the evaporator, because there is choked flow 
condition present at the exit of the capillary tube. In the adiabatic inlet and outlet sections, 
when the refrigerant remains liquid, the temperature is constant as shown in Figure 6.4. 
The temperature at the exit of the capillary tube (Tcrit) is higher than the evaporating 
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temperature because there is an additional isenthalpic expansion between the states of the 
refrigerant at the exit of the capillary tube and at the entrance to the evaporator. A P-h 
diagram for this partiCl.Jlar case was shown in Figure 6.5. 
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Figure 6.6 and Figure 6.7 provide a general idea of ct-slhx performance observed 
in the Amana test unit over an extremely wide range of steady state operating conditions. 
A summary of these st~ady state data points are listed in Table 6.1. In Figure 6.6, some of 
the most highly subco~led conditions were achieved by overcharging the unit; they would 
be unlikely to occur during normal operation. Typical operating conditions (i.e. normal 
cycling in a 75_F room) would have Pcond= 120 psia and ATsub<5° F. 
The effectiveness of the ct-slhx is defined as the following: 
h(P11> T11) - h(Pg, T g) 
8= 
h(P11o T 3) - h(Pg, T g) (6.1) 
where state 9 is the suction line inlet, state 11 is the suction line outlet, and state 3 is the 
condenser outlet. With the CTSLHXSIM mode~ the effectiveness of 35 data points were 
calculated and included in Table 6.1. 
Table 6 1 A summary of steady state dat . t h . bId inlet apoms aVIng su coo e 
Pcond ATsub ATsup Te 8 
(psia) eF) eF) eF) (%) 
1 122.5 6.1 15.8 -12.4 81 
2 119.9 4.1 14.7 -14.5 79 
3 118.5 2.3 13.1 -16.1 78 
4 117.8 1.0 11.0 -17.1 77 
5 99.8 5.5 16.2 -15.5 80 
6 97.0 5.3 13.4 -18.6 80 
7 96.5 4.7 12.7 -19.4 79 
8 104.5 16.7 37.7 -14.0 91 
9 185.4 7.4 22.8 2.5 78 
10 161.5 10.4 26.4 -1.8 80 
11 128.9 13.3 25.8 -9.3 83 
12 130.2 15.9 35.9 -9.9 86 
13 103.3 14.2 28.5 -13.8 86 
14 113.5 14.5 42.0 -15.0 86 
15 113.6 13.8 37.2 -14.8 85 
16 113.3 13.1 30.9 -14.5 84 
17 112.4 11.5 25.0 -14.3 83 
18 111.0 8.6 21.0 -14.4 81 
19 108.8 2.4 14.9 -14.9 76 
20 149.2 15.2 41.0 -5.8 85 
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Table 6.1 (cont.) 
149.2 14.2 34.4 -4.9 84 
148.3 12.6 29.1 -4.8 82 
146.2 10.0 24.2 -5.0 80 
143.5 4.6 19.2 -5.4 77 
140.6 5.3 • 17.2 -7.7 78 
137.2 3.2 15.0 -10.0 76 
133.8 1.4 12.7 -12.5 75 
189.7 9.4 27.9 5.0 79 
187.9 3.7 22.0 5.1 76 
184.2 0.3 17.6 3.6 74 
176.2 3.7 12.4 3.0 76 
171.5 1.2 14.4 -4.7 75 
215.4 4.0 22.7 9.5 76 
210.9 3.2 20.8 7.2 76 
206.1 1.7 18.0 4.9 75 
Flash in outlet 
Flash very close to exit of inlet-Recondense in heat exchanger-Flash in outlet 
Flash in inlet-Recondense in heat exchanger-Flash in outlet 
Flash in inlet-Barely recondense in heat exchanger-Flash in outlet 
Flash in inlet-Remain 2-phase in heat exchanger and outlet 
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Figure 6.6 Flow regimes for Amana operating conditions 
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Figure 6.7 Effectiveness for Amana operating conditions 
As shown in Figure 6.7, the heat exchanger effectiveness remains nearly constant 
over a wide range of operating pressures (i.e. a wide range of room ambient 
temperatures). However, it increases rapidly with subcooling at the capillary tube inlet. 
The effectiveness for those cases with quality at the inlet of capillary tube were 
also investigated. It is surprising to see that effectiveness appears to be nearly independent 
of inlet conditions. A summary of the data points being used in the calculation is listed in 
Table 6.2. 
Although liquid properties were used to calculate the heat transfer in two phase 
region, Table 6.2 suggests that higher capillary tube inlet quality results in higher suction 
line heat transfer. This is because the two phase frictional pressure drop determines L\T for 
the heat exchanger. Higher inlet quality produces greater temperature drop, and therefore 
greater L\ T near the suction line inlet. As a result, the suction line outlet temperature is 
higher due to the increased heat transfer. 
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T bl 62 A a e f d summary 0 stea Iy state d ·h ali ata pomts WIt qu lty at in! et 
Pcond ATsup Te Effectiveness 
(psia) COF) (OF) x=0.02 x=0.05 x=0.1O 
, 
1 103.4 6.1 -19.7 74% 74% 75% 
2 124.4 1.8 -20.3 75% 76% 76% 
3 128.5 5.6 -16.8 75% 75% 76% 
4 143.6 1.0 -14.9 75% 76% 76% 
5 150.2 4.2 -8.7 75% 75% 76% 
6 161.6 1.5 -14.8 75% 76% 77% 
7 169.1 10.4 -5.6 74% 74% 74% 
8 182.3 12.3 3.0 74% 74% 74% 
9 192.0 8.3 -3.0 74% 75% 75% 
6.2 Designing for maximum effectiveness with CTSLHXSIM model 
Consider changing the location of suction line in a ct-slhx (The length of the 
suction line and the total length of the capillary tube remain the same). Starting with the 
suction line upstream at the capillary tube inlet, as it is moved from the inlet toward the 
exit of the capillary tube, how will the effectiveness of the ct-slhx change? Taking the ct-
slhx in the Amana refrigerator as an example, the simulation results are shown in Table 
6.3. 
Table 6.3 Effect of suction line location on effectiveness 
Inlet length Outlet length Mass flow S-L outlet Effectiveness 
(ft) (ft) rate (lbmlhr) temperature (OF) (%) 
0.0 6.24 14.5 77.4 86 
0.41 5.83 14.5 77.4 86 
0.91 5.33 14.6 77.4 86 
1.91 4.33 13.8 75.4 84 
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Table 6.3 (cont.) 
2.41 3.83 13.1 73.6 82 
2.91 3.33 12.5 72.0 80 
3.41 .2;83 11.9 70.7 78 
3.91 2.33 11.4 69.4 77 
4.41 1.83 10.9 68.3 76 
4.91 1.33 10.6 67.0 74 
5.41 0.83 10.2 65.3 72 
5.91 0.33 10.0 63.3 70 
The simulation results in Table 6.3 suggest that the effectiveness of ct-slhx can be 
maximized by moving the suction line along the capillary tube as far upstream as possible. 
For all cases in Table 6.3, the total length of the capillary tube and the length of suction 
line were held as constants, having the same values as the ct-slhx in the Amana test 
refrigerator: Lhx = 4.21 ft and Ltotal=10.45 ft, D=0.033 inch. 
Now compare two different designs of ct-slhx: standard design vs. maxtmum 
effectiveness design under the following design condition: 
Pcond=Psat( 105°F) 
L\Tsub=2° F 
L\ T sup= 10° F 
Pevap=Psat(-lO° F) 
The ct-slhx in the Amana refrigerator is taken as the standard design. With the 
simulation model, a mass flow rate of 12.Z'lbmlhr and an effectiveness of 76% were 
obtained under the above design condition. The quality/subcool profile is shown in Figure 
6.8. 
As seen in Figure 6.8, for design conditions having small amounts of subcooling 
such as 2°F, the refrigerant quality increases briefly from the flash point in the adiabatic 
inlet section. Then it recondenses in the heat exchanger section and finally the subcooled 
liquid flashes again in the adiabatic outlet section. 
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If the suction line is moved upstream to the inlet and the mass flow rate is held 
constant by adding length to the outlet section, then the maximum effectiveness design is 
achieved under the same design condition. The geometry of this design is shown in Figure 
6.9. 
~ _ I--.~~Cap 
~ ~ Suction line 
~F------4-.-2-1-ft--~-------------1-3-.6-8--ft~~~~~~~~~~ tube 
Figure 6.9 Maximum-effectiveness design of ct-slhx 
With the CTSLHXSIM model, an effectiveness of 88% is obtained for this design. 
The model also suggests that·a more effective heat exchanger can increase system COP by 
2%. To obtain the same mass flow rate (12.2 lbm/hr), the capillary tube length has to be 
increased from 10.45 ft to 17.89 ft, if the diameter were held constant. The 
quality/subcool profile for this design is shown in Figure 6.10. The The liquid entering the 
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capillary tube with 2°F subcooling would remain subcooled throughout the entire heat 
exchanger section and flash near the end of the outlet section. There is no recondensation 
as occured in the standard design. Comparing the quality/subcool profile of the two 
designs, it is clear that'the flow conditions of the latter design are much easier to predict. 
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The interaction between the compressor and capillary tube mass flow can be 
viewed from Figure 6.11. The downward sloping lines are compressor map. The 
intersection of compressor map and solution lines from the CTSLHXSIM model is the 
system mass flow rate under steady state condition. 
The effect of geometry change on the mass flow response of the capillary tube is 
also investigated. Figure 6.12 shows that the strategy for increasing effectiveness has 
virtually no impact on the magnitude of the mass flow rate at a particular condensing 
pressure and subcooling. Therefore, a more effective suction line heat exchanger can be 
easily integrated into the system and matched to the compressor map. 
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Chapter 7 
Summary and conclusions 
7.1 Determining capillary tube diameter 
Before analyzing the data taken from capillary tubes, it is necessary to determine 
their actual diameters. Using water as the flow fluid, accurate values of laminar flow rates 
were obtained to determine tube diameters. For a 8-ft tube, results suggest that the 
diameter uncertainty resulted :from mass and pressure measurements uncertainties is 
±0.00002 inch. And entrance loss uncertainty can introduce an additional diameter error of 
±O.0002 inch. Therefore, the total diameter uncertainty could be as low as ±O. 00022 inch. 
However, for a 46-inch tube, the diameter uncertainty from the laminar water flow test is 
:from -0.00052 inch to +0.00062 inch. This is because the frictional pressure drop is small 
in a short tube, and uncertainties in pressure measurement and entrance loss have a greater 
effect. Nevertheless, the uncertainty :from laminar water flow test is much smaller than 
manufacturer's tolerance of ±O.OOl inch. It is also much more accurate than Peixoto and 
Paiva's (1996) laminar refrigerant flow test, which was limited by pressure transducer 
uncertainty. 
7.2 Determining capillary tube roughness 
It was not possible to determine diameter and roughness simultaneously, based on 
manufacturers' nitrogen test data alone. Due to the uncertainties of diameter and the 
coefficient associated with pressure loss due to the sudden contraction, the roughness 
determined :from the nitrogen test data is between 0 Ilm and 5.0 Ilm. This range is far 
greater than observed by Sweedyk's (1981) extensive profilometer measurements. 
Nitrogen compressibility inside the tube is handled analytically; However, significant 
uncertainty maybe associated with compressibility effects at the turbulent inlet. The 
roughness estimated :from Peixoto and Paiva's turbulent liquid flow test data seemed more 
credible; it was very close to the roughest tube tested by Sweedyk (1981), which was 
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1.854 J..lm. Such accuracy was made possible by prior independent determination of actual 
diameter. 
By adjusting t~e experimental apparatus for testing capillary tube-suction line heat 
exchanger and the t6t~ charge of the system, pure liquid flow through the capillary tube-
suction line heat exchanger was achieved. The roughness was calculated from each data 
point. Results suggest that the uncertainty was lowest at the highest Reynolds number 
tested (greater than 9000). However, due to the lack of liquid flow data at high Reynolds 
number, and the residual uncertainty of diameter measurement, the calculated roughness 
lies between -1 J..lm and a J..lm. Therefore, testing with liquid at Re > 9000 is necessary for 
determining tube roughness. 
7.3 Mass flow hysteresis effect in capillary tubes 
Experiments demonstrated for the first time the existence of a mass flow hysteresis 
effect in diabatic capillary tubes. Under a given capillary tube inlet pressure and suction 
line inlet superheat, mass flow depends on whether sub cooling is increasing or decreasing. 
Under a given capillary tube inlet pressure and subcooling, mass flow also depends on 
whether superheat is increasing or decreasing. The mass flow hysteresis in a non-adiabatic 
capillary tube was observed to be as large as 7%. However, the hysteresis effect due to 
changing subcooling appears not to be repeatable. No experiment has yet been done to 
test the repeatability of the hysteresis effect on the mass flow due to changes in superheat. 
Therefore, at this time it is impossible to describe the hysteresis effect mathematically and 
include it in the CTSLHXSIM model. 
7.4 Capillary tube hysteresis effect on system COP 
The effect of capillary tube hysteresis on refrigerator system COP was also 
investigated. The data confirm that metastable behavior in suction line heat exchangers is 
qualitatively similar to that observed by Meyer and Dunn (1996) in adiabatic capillary tube 
tested on a capillary tube loop. However, it is not clear whether the hysteresis observed 
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during the quasi-steady experiment will actually exist during a typical refrigerator cycle. If 
it did exist, it is likely that the refrigerator would operate at the lower COP during the on-
cycle as the flash point, moves downstream. 
7.5 CTSLHXSIM model validation 
The model results are compared to adiabatic and non-adiabatic flow test data for 
various refrigerants. Three different two phase friction factor correlations are examined 
within the CTSLHXSIM model. All three correlations provide similar results. However, 
deSouza's correlation gave slightly better results when compared to experimental data. 
Since the model is underpredicting mass flow, it appears that deSouza's correlation is the 
best choice, despite the fact that it is based on data obtained at lower mass fluxes typical 
of heat exchangers, not the high fluxes found in capillary tubes. 
Using deSouza's two-phase friction factor correlation, mass flow was calculated 
for steady state data points obtained from both increasing subcooling and decreasing 
sub cooling path. Results show that for 75% of all the data points, error in mass flow 
prediction is within -10%. 
7.6 Maximum effectiveness design for suction line heat exchanger 
Simulations were also performed to aid in designing a capillary tube-suction line 
heat exchanger with maximum effectiveness. If the suction line is moved upstream to the 
capillary tube inlet and the mass flow rate is held constant by adding length to the outlet 
section, then maximum effectiveness is achieved for a given design condition. The 
strategy for increasing effectiveness virtually has no impact on the magnitude of the mass 
flow rate at a single condensing pressure and subcooling. Therefore, a more effective 
suction line heat exchanger can be easily integrated into the system and matched to the 
compressor map at the design condition. The only cost is the increased length of capillary 
tube required to achieve the desired pressure drop. 
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Appendix A 
Estimating capillary tube diameter from water data 
A.I Introduction 
" 
Within the CTSLHXSIM model, the capillary tube is divided into CJetImpaA 
segments. Every segment has a momentum equation which contains a friction factor term, 
along with an acceleration term. The friction factor calculation includes the relative 
roughness ratio, elD, as a variable. Therefore, in order to select the best friction factor 
correlation for two phase flow, the roughness and actual diameter of the capillary tube 
need to be resolved first. One approach is to determine them using water and nitrogen 
flow data. 
A.2 Data description 
Laminar flow water data was obtained by Meyer and Dunn (1996) from three 
different diameters of capillary tubes. Within each diameter, data were taken at 5 different 
inlet pressures for each of the IO-inch, 20-inch and 40-inch tubes, all of which resulted in 
laminar flows with Reynolds number ranging from 200 to 2100. For each data point, the 
inlet pressure is determined by measuring the height of the water column supported by the 
inlet flow. The inlet water temperature is measured with a mercury-glass thermometer 
immersed in the source tank. The mass of water that has passed through the capillary tube 
and the time elapsed are also recorded. The complete data set containing 45 data points is 
listed in Table A.I. The schematic of the water flow facility is shown in Figure A.I. 
A.3 Model development 
An EES model is developed to analyze the actual capillary tube diameter with this 
water data set. A few assumptions are: 
(1) Uniform inside diameter along the entire tube; 
(2) Uniform velocity profile at the entrance of the capillary tube; 
(3) Radial and axisymetrical water flow inside the capillary tube; 
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(4) Neglect the influence of body forces; 
pressure tap 
cap tube 
114 in copper tube 
water 
reservOlr 
pump scale 
Figure A.l Schematic of the water flow facility (Meyer, 1996) 
Several definitions of the friction factor can be found in the literature. In this study 
Darcy friction factor is used: 
.t: -~ 
D - 1 V2 
-p 
2 (A. I) 
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where T w is the perimeter-average wall shear stress, p is the fluid density, and V is the 
fluid velocity. The Darcy friction factor represents the ratio of the wall shear stress to the 
kinetic energy per unit volume of the flow. 
Because the ~all shear stress is related to the velocity profile, the friction factor 
can be determined by solving the continuity and momentum equations for a given flow. In 
the fully developed region, the velocity profile is invariant at any flow cross section. 
Therefore, the wall shear stress and friction factor are constant in the axial direction. The 
momentum balance in this region has the following form: 
~_ Ax 
1 2 - Iv n 
-pv .l..'IJ 
2 (A. 2) 
where tJ.p is the incremental pressure drop, fix is the incremental length, and Dh is the 
hydraulic diameter of the duct. For fully developed laminar flow, solution of the 
momentum equation yields 
K f -~ v- Reh (A. 3) 
where Kf is a constant depending on the cross-sectional geometry. For circular tube, Kf 
has a value of 64. 
In the hydrodynamic entrance region, there is an increase in the wall shear stress 
and a change in the momentum flux due to the developing velocity profile. These entrance 
effects result in a pressure drop that is greater than that which would exist for fully 
developed flow. When calculating the overall pressure drop, a dimensionless entrance loss 
factor K is defined so that the overall momentum balance becomes 
Ap L 
-l-.-=Iv-+ K 
-pV2 Dh 
2 (A. 4) 
where L is the length of the tube and Iv is the fully developed Darcy friction factor. 
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In this study, entrance loss factor K consists of pressure drop due to the viscous 
effect and the sudden contraction. To predict the pressure loss due to sudden contraction, 
an equation is obtained from Stoecker and Jones (1982): 
p = pV2 (1.. _1)2 
loss 2 C 
c (A.5) 
where Cc ' the contraction coefficient is a function of the ratio of the areas at the 
entrance; it was determined experimentally by Weisbach in 1855. The form of Eq.(A.5) 
shows the pressure· drop to be calculated by the pV2 /2 group (based on the velocity in 
the small tube) multiplied by a geometry factor. This geometry factor reaches a maximum 
of approximately 1/3. 
According to the analysis of Chen (1973), the other part of K factor, which 
represents the pressure loss due to the developing velocity profile, results in the following 
expressIOn: 
38 K= 1.20+-
Re (A. 6) 
Using Meyer and Dunn's (1996) 45 data points listed in Table AI, entrance loss 
factor K was calculated by setting the calculated mass equal to measured mass, and 
assuming the actual diameter equal to the nominal diameter. In Figure A.2, the calculated 
K is plotted versus Reynolds number. It does show some kind of correlation between K 
and Reynolds number that is similar to Eq.(A6). But appropriate parameters were not 
found to fit the data. In Figure A3, the calculated K is plotted versus pressure drop due 
to entrance effect, AP. AP increases as tube length decreases from 40 inches to 10 inches. 
For the 10-inch and 20-inch tubes, K seems to be a constant between 3 and 4. However, 
for the 40-inch tubes, K has a large variation. 
For the 10-inch and 20-inch tubes, an experimental uncertainty on measured inlet 
pressure of+/-0.25 inches of water (0.062 kPa) was reported by Meyer and Dunn (1996). 
For the 40-inch tube the AP uncertainty could be as large as 0.124kPa, corresponding to 
an uncertainty of +/-0.50 inches of water, measured between the top of the inlet water 
column and the exit of the (horizontal) capillary tube. For a given data point, it can be 
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Table A.l Water flow data (Meyer, 1996) 
Height Time Mass Temp Length Nominal ID 
(in) (sec) (kg) (c) (in) (in) 
58.875 300.00 0.3494 22.8 10 0.039 
50.500 300.40 0.3066 23.4 10 0.039 
30.500 303.30 0.2088 25.5 10 0.039 
21.375 264.60 0.1278 25.4 10 0.039 
12.375 350.60 0.1021 25.6 10 0.039 
59.750 300.40 0.2045 22.3 20 0.039 
50.125 300.50 0.1768 23.6 20 0.039 
40.375 311.80 0.1523 25.0 20 0.039 
30.500 315.80 0.1192 25.7 20 0.039 
21.375 290.30 0.0774 25.5 20 0.039 
69.625 300.70 0.1229 21.1 40 0.039 
59.750 300.40 0.1067 21.5 40 0.039 
50.125 306.50 0.0943 24.3 40 0.039 
40.375 358.70 0.0894 24.3 40 0.039 
30.500 342.90 0.0623 25.8 40 0.039 
59.875 300.40 0.4463 23.0 10 0.042 
50.500 300.50 0.3899 23.3 10 0.042 
30.500 327.00 0.2852 25.3 10 0.042 
21.375 261.60 0.1651 26.1 10 0.042 
12.500 296.80 0.1159 26.1 10 0.042 
59.785 300.10 0.2663 22.5 20 0.042 
50.125 300.80 0.2291 23.9 20 0.042 
40.375 321.50 0.2052 24.8 20 0.042 
30.500 318.00 0.1575 25.6 20 0.042 
21.375 291.50 0.1040 26.2 20 0.042 
69.750 300.40 0.1597 20.7 40 0.042 
59.750 300.40 0.1401 21.9 40 0.042 
50.125 328.00 0.1327 24.1 40 ·0.042 
40.375 310.00 0.1013 24.4 40 0.042 
30.500 316.40 0.0799 25.7 40 0.042 
54.625 240.17 0.4965 21.2 10 0.049 
45.500 253.40 0.4605 21.4 10 0.049 
36.625 244.68 0.3764 21.8 10 0.049 
27.500 242.07 0.2950 21.9 10 0.049 
18.000 249.95 0.2149 22.1 10 0.049 
54.375 307.30 0.4225 22.2 20 0.049 
45.125 305.60 0.3598 22.6 20 0.049 
36.250 324.40 0.3152 22.9 20 0.049 
26.750 304.36 0.2274 23.2 20 0.049 
17.625 304.40 0.1534 23.5 20 0.049 
54.875 303.20 0.2458 23.8 40 0.049 
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Table A.l (cont.) 
45.750 304.30 0.2070 24.0 40 0.049 
36.125 309.10 0.1672 24.2 40 0.049 
26.875 309.90 0.1262 24.5 40 0.049 
17.750 305,00 0.0812 24.7 40 0.049 
.,. 
" 
assumed that it contains useful infonnation about the entrance effect, if the pressure 
measurement uncertainty is less than 10% of the calculated pressure drop due to the 
entrance effect. For every data point obtained from 40-inch tubes, measurement 
uncertainty accounts for more than 10% of the pressure loss due to the entrance effect. 
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Figure A.2 K versus Reynolds number 
To determine the values of K and D which minimized the difference between 
calculated and measured mass flow, the objective function chosen was the following: 
Obj. Function = l.ul+ 20" (A. 7) 
Where: 
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..... ;=..:,,1 ____ _ JJ=-
n (A 8) 
" 2:«M_ -MC41c)- JJ)2 
(j= i=1 
n-1 (A 9) 
The 95%· confidence interval is given by the minimum value of objective function, 
since 95% of the calculated data points lie within 20' deviations of the mean. 
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Figure A3 K versus pressure drop due to entrance effect 
A.4 Estimating entrance loss factor K 
To detennine diameter, entrance loss factor K needed to be estimated first. 
According to the criterion explained previously, 22 data points were disregarded. The rest 
23 data points form a subset of data for which the expected·· entrance losses exceeded the 
measurement uncertainty for a considerable amount. The results of estimation are shown 
in the figures A.4 to A.6, for each of the 3 nominal tube diameters respectively. The Y 
axis denotes the value of the objective function. DF is a diameter multiplier, defined as the 
ratio of actual to nominal diameter. It has been calculated that the largest All uncertainty 
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(0.50 inch) corresponds to mass measurement uncertainty of 6 grams for each of the 3 
tube diameters. Therefore, a range of values of K and DF could not be distinguished 
because of this measurement uncertainty, as indicated by the horizontal lines. 
Table A.2 s~arizes the values of K that minimized the errors, and the 
corresponding uncertainty on K. 
Table A.2 Assessment of entrance loss factor K 
Tube Diameter (in) K Uncertainty 
0.039 2.45 2.10 - 2.75 
0.042 2.45 2.30 - 2.70 
0.049 3.26 3.00 - 3.50 
The composition of K has been itemized in Table A.3, according to different 
forces' contribution. This is an order-of-magnitude estimation, based on the published 
correlations cited earlier. 
Table A.3 Composition of entrance loss factor K 
Nominal Diameter (inJ 0.039 0.042 0.049 
Sudden contraction 0.37 0.37 0.37 
Developing velocity profile 1.34 1.34 1.34 
Unexplained 0.74 0.74 1.55 
Total 2.45 2.45 3.26 
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Figure A.6 Objective function values at given DF factor for 0.049 in tubes 
A.5 Estimating diameter D 
The full data set was used to determine the DF factor, because all the data points 
contain information on tube diameter. Figure A. 7 through Figure A.9 show the values of 
DF which minimized the difference between measured and calculated mass flows at 
minimum, maximum and best estimated K factor. 
The assessment of capillary tube diameter uncertainty is summarized in Table A.4. 
Table A. 4 Assessment of diameter uncertainty 
Diameter (in) 0.039 0.042 0.049 
DF 0.9920 - 0.9990 0.9885 - 0.9980 0.9920 - 1. 0000 
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A.6 Conclusion 
The entrance loss factor K and diameter of three different sizes of tubes were 
estimated from the laminar water flow data. The search for the best way to determine the 
roughness of the capillary tube will be continued. The goal remains to obtain accurate 
capillary tube parameters, and then use refrigerant flow data to develop a simulation 
model accurate enough to meet the requirements of refrigerator designers. 
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AppendixB 
Estimating capillary tube roughness from refrigerant flow data 
B.I Data collection 
In the experimental apparatus for testing capillary tube-suction line heat 
exchangers, a needle valve was installed after the suction line heat exchanger and upstream 
the condenser. By adjusting this needle valve and the total charge of the whole system, 
pure liquid flow through the capillary tube and suction line heat exchanger could be 
achieved. This experiment was done both on Tube A and Tube B (Due to the time limits, 
it was not performed on Tube C). Inlet pressure, outlet pressure, temperature and mass 
flow rate of the refrigerants were recorded and listed in the following Table B.l and B.2. 
Also included in Table B.l and B.2 are Reynolds numbers calculated for each data point. 
Table B.l Liquid R-134a flow in a ct-sl hx JTube AJ 
Data point Pin (psia) Pout (psia) T(OC) Mdot (lbmlhr) Re 
1 94.69 84.45 15.4 4.48 3516 
2 94.58 85.15 15.6 4.13 3256 
3 94.58 84.65 15.9 4.28 3378 
4 94.58 84.55 16.1 4.34 3433 
5 94.69 84.95 16.2 4.37 3466 
6 95.59 85.45 16.4 4.31 3422 
7 95.49 85.95 16.5 4.21 3349 
8 95.29 86.05 16.6 4.17 3319 
9 96.09 86.05 16.7 4.34 3466 
10 96.29 86.25 16.8 4.40 3507 
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Table B.l (cont.) 
11 95.69 86.35 16.9 4.30 3438 
12 95.69 86.55 17.0 4.17 3338 
13 95.69 86.85 17.1 4.01 3212 
14 95.79 87.15 17.2 4.00 3210 
15 95.89 87.25 17.3 3.98 3198 
16 95.99 87.35 17.4 4.04 3245 
17 96.49 87.05 17.4 4.16 3346 
18 97.19 86.85 17.3 4.44 3569 
19 96.29 86.65 17.3 4.24 3407 
20 96.29 86.55 17.3 4.33 3481 
21 96.59 86.45 17.3 4.46 3584 
22 97.5 86.55 17.3 4.65 3732 
23 151.98 85.85 8.1 12.92 9321 
24 153.59 90.35 7.6 12.57 9016 
25 154.99 91.05 7.0 12.61 8983 
26 156.4 91.15 6.4 12.79 9051 
27 157.9 91.45 5.9 12.92 9081 
28 159.31 91.45 5.3 13.09 9140 
29 160.71 91.65 4.8 13.07 9070 
30 162.01 91.85 4.3 13.21 9117 
31 108.43 92.35 16.6 5.86 4665 
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Table B.l (cont.) 
32 109.44 93.45 16.5 5.83 4635 
, 
33 108.13 92.85 16.5 5.81 4621 
34 107.93 92.45 16.4 5.70 4530 
35 108.93 93.05 16.4 5.88 4671 
36 109.84 93.55 16.4 5.98 4751 
Table B.2 Lie uid R-134a flow in a ct-sl hx (Tube B) 
Data point Pin (psia) Pout (psia) T (Oe) Mdot Obmlhr) Re 
1 159.5 82.7 4.2 17.66 9794 
2 159.3 82.5 3.5 17.61 9682 -
3 159.6 82.5 2.7 17.54 9556 
4 160.1 82.8 2.0 17.55 9477 
5 160.3 82.7 1.2 17.56 9398 
6 160.0 82.4 0.5 17.57 9325 
7 159.7 82.2 -0.2 17.44 9189 
8 160.1 74.9 -0.8 18.78 9822 
9 160.8 59.7 -1.7 21.21 10976 
10 161.1 59.1 -2.5 21.3 10924 
11 160.9 58.8 -3.2 21.4 10866 
12 160.5 58.4 -3.8 21.3 10737 
13 160.4 58.0 -4.3 21.3 10698 
14 160.2 60.5 -4.7 20.8 10372 
15 160.2 60.4 -5.1 20.7 10299 
16 161.0 60.5 -5.5 20.9 10328 
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Table B.2 (cont.) 
17 160.7 64.9 -5.8 20.1 9902 
18 16LD 70.9 -6.0 19.2 9446 
19 160.8 72.0 -6.3 19.0 9328 
20 160.5 72.3 -6.4 18.9 9253 
21 160.1 72.2 -6.5 18.8 9222 
22 159.9 71.3 -6.6 19.0 9294 
23 159.7 62.3 -6.8 20.4 9945 
24 159.3 62.1 -7.1 20.3 9845 
25 159.4 62.1 -7.3 20.2 9811 
26 159.8 65.5 -7.2 19.8 9633 
27 160.3 66.4 -7.0 19.7 9601 
28 160.2 66.4 -7.0 19.7 9570 
29 159.7 66.1 -7.1 19.7 9561 
30 159.4 66.0 -7.4 19.6 9478 
31 159.5 66.0 -7.8 19.6 9443 
32 159.4 66.0 -8.0 19.5 9400 
33 159.4 65.9 -8.3 19.6 9420 
34 159.3 65.7 -8.5 19.5 9328 
35 159.4 65.7 -8.7 19.6 9338 
36 159.3 65.6 -8.9 19.5 9287 
37 159.3 65.5 -9.0 19.6 9321 
38 159.3 65.5 -9.2 19.6 9283 
39 159.3 65.4 -9.3 19.6 9292 
40 159.3 65.3 -9.3 19.5 9258 
41 159 65.2 -9.4 19.6 9255 
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B.2 Data reduction 
The steady state liquid flow data (I-minute averages) in Table B.l were achieved 
in three different time periods, as can be seen from the data. The roughness of the capillary 
tube was calculated:fr6m each data point and plotted versus Reynolds number. 
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Figure B.l Calculated roughness at different Reynolds number (Tube A) 
Figure B.l clearly suggests that the uncertainty of roughness was narrowed down 
at high Reynolds number. This could be explained from Moody chart. If the Reynolds 
number was between 3000 to 4000, the flow was in transition zone. The roughness curves 
were very close to each other and therefore require much higher measurement accuracy to 
distinguish. However, if the Reynolds number is greater than 104, then the roughness 
curves become far apart from each other and roughness could be determined. Future 
experiments should be designed at Reynolds .number greater than 104. With a ± 0.15 
lbmlhr uncertainty in mass flow meter, the calculated roughness uncertainty would be ± 
0.29 Jlm, at Re=104. 
103 
a 2.00 
b 1.50 I 
-
---
1.00 
rn { 0.50 
::s 0.00 ~ 
..Q.50 
-1.00 
• Roughness 
~ •• 
. ~. - --. ~ 
•• ~ 
-
.. ~ 
- , 
-1.50 
9000 9200 9400 9600 9800 10000 10200 10400 10600 10800 11000 
Re 
Figure B.2 Calculated roughness at different Reynolds number (Tube B) 
Figure B.2 suggests that the uncertainty of roughness has been reduced 
significantly as Reynolds number increases above 9000. However, due to the uncertainty 
of diameter measurement, the calculated roughness lies between -1 J.lm and 0 J.lm. 
After the pure liquid flow tests were done, extra charge (about 1.5 Ibm ofR-134a) 
were taken out of the loop and the needle valve was all the way open. Now, the loop is 
ready to run regular conditions, in which refrigerants flash somewhere in the capillary tube 
and exit as two-phase mixture. 
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Appendix C 
Estimating capillary tube diameter and roughness 
.; from nitrogen data 
C.I Introduction 
Wolf et. al. (1995) have reported adiabatic capillary tube performance with 
alternative refrigerants. In order to use their data to validate ACRC capillary tube-suction 
line heat exchanger simulation model, the actual diameter and roughness of their tubes 
need to be estimated. Sweedyk (1981) reported that the uncertainty of nominal capillary 
tube diameter is ± 0.001 in. With this amount of uncertainty in diameter (2-3%), it is 
impossible to choose the best friction factor correlation from mass flow rate data, because 
the area uncertainty alone is ± 5-10%. 
Also, when the tubes are manufactured, there is no specification on roughness. The 
effect of roughness on refrigerant flow has been quantified by Woodall (1996) using the 
ACRC simulation model for capillary tube-suction line heat exchangers. His results show 
that the uncertainty in the mass flow due to the roughness uncertainty could be from 
+1.0% to -3.5%. Sweedyk (1981) claimed that roughness can even possibly cause 
refrigerant flow noise. Since the manufacturers of capillary tubes provide nitrogen flow 
test data to their customers, the objective of this study is to determine whether it is 
possible to estimate actual diameter and roughness from such information. 
C.2 Governing equations 
Nitrogen flow test data used in this study is listed in Table C.1. They were 
obtained by technicians at Wolverine Tube, Inc. of Ardmore, TN and reported by Wolf et. 
al. (1995). All capillary tubes were tested according to the ASHRAE Standard 28-1988. 
One way to quantify the pressure loss in the capillary tube entrance is to use 
revised Bernoulli equation (White, 1986) 
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p V? P v: 
.:...l.+.:..J...+Z =.:...z.+.:....z..+Z +h pg 2g I pg 2g 2 "loss (C. 1) 
V2 h. =K·.:....J.. 
.oss 2g (C.2) 
Where subscript 1:. denotes conditions in the larger tube, and subscript 2 denotes 
conditions in the smaller tube. h/;oss is the head loss. K is the dimensionless minor loss 
coefficient, representing the nonrecoverable static pressure loss due to sudden contraction. 
If the two tubes have the same elevation, and V; could be neglected in comparision with 
V;, then the above two equations would yield 
PI -P2 ={l+K)pVi 
2 (C.3) 
The (l +K) factor accounts for pressure loss due to sudden contraction and 
accelaration. To calculate the value of K associated with sudden contraction in turbulent 
flow (Re> 10,000), the following formula from Idelchik (1994) was used: 
K= '{l_~)m 
~ (C.4) 
where AI is the cross section area of larger tube, ~ is the cross section area of smaller 
tube. The coefficient , depends on the inlet edge shape of the smaller tube, primarily the 
relative thickness 8/ D of the capillary tube wall. Standard capillary tube diameters and 
wall thickness are given in ANSIIASTM B 36-76 (Sweedyk, 1981). For all the data points 
listed in Table C.1, corresponding' is 0.5 (Idelchik, 1994). The exponent m depends on 
the normalized distance bID that the small tube protrudes into the large tube. For values 
of bID >0.01 which is true for all the data points listed in Table C.1, m can be assumed 
equal to 1.0. Therefore, K results in a value of 0.5. 
To begin the analysis, the Reynolds number and inlet and outlet Mach numbers are 
calculated first for each data point. The information is-summarized in the following Table 
C.3. 
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Table C.1 Nitrogen flow tests of capillary tubes 
Dimensions (in.) Inlet Pressure Time for 1 cubic ft Wet Test Flow 
OD x ID x Length . . -~ psig mIn SCFM 
0.112xO.059x60 25 2.02 0.476 
0.106xO.054x40 50 1.16 0.828 
0.093xO.042x60 50 2.76 0.348 
0.081xO.034x60 100 2.50 0.383 
0.087xO.039x95 50 4.26 0.225 
0.106xO.054x80 25 2.98 0.323 
0.081xO.031x95 100 3.92 0.244 
Table C.2 Nitrogen flow test condition 
Temperature of barometer 72.0 of 
Gross barometric pressure 29.32 in. Hg 
Temperature of nitrogen 74.6 of 
Meter temperature 72.0 of 
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Table C.3 Flow regimes for nitrogen data 
Dimensions (in.): Re Inlet Mach Outlet Mach , 
OD x ID xLen- h 
12527 0.139 0.370 
23808 0.179 0.741 
12865 0.122 0.527 
17491 0.116 0.850 
8958 0.091 0.399 
9287 0.112 0.301 
12221 0.088 0.667 
Considering the compressibility effect of nitrogen, a finite difference model was 
developed to adjust for local variations in density, velocity and temperature. The capillary 
tube was divided into a number of segments. For each segment, the model solves the 
governing equations sequentially for the length, dL, for a given pressure difference 
between inlet and outlet. This avoids the convergence problem that might result from the 
need to provide initial guesses for each segment if the governing equations were solved 
simultaneously. 
• 
m=pVA 
V 
M= .JrRT 
1 + (r -1)M2 
To 2 I 
T; = 1 + (r - 1) ~ 
2 0 
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(C.5) 
(C. 6) 
(C. 7) 
j = 
dL 1 2 P =P. -j--pV 
olD 2 
h 
o .2 5 [ log I 0 (e / D + 5 . 7049 ) r 2 
3 .7R e . 
(C.8) 
(C. 9) 
where subscript i d.enotes inlet and subscript 0 denotes outlet. The inlet pressure for the 
first segment is given by the following: 
PI = Pin - (K + 1)1. pV2 
2 (C.lO) 
In the model, the inlet temperature, pressure and mass flow are inputs. Neither 
roughness or exact value of entrance coefficient is known here, because Wolf et al. did not 
report the inlet geometry for the nitrogen tests. Ideally, the diameter used in the governing 
equations should be the actual diameter obtained from optical or other measurements or 
from a water flow test. Unfortunately, the technicians at Wolverine did not perform such 
tests. In the following study, diameter is also considered as an unknown. Therefore, the 
analysis has two degrees of freedom. 
C.3 Results 
Sweedyk (19S1) reported that the commercially available tolerance on capillary 
tube diameter is ± 0.001 in (0.025 mm). This range is shown by solid lines in the following 
figures. Also, he measured roughness of 39 cap tubes from different manufacturers. He 
defined the roughness of a surface as the arithmetic average of variations above and 
below a normal line over a series of 0.030 inch (0.76 mm) lengths. The high value was 
found to be 1 flm, and the lowest was 0.1 flm. Melo, et al. (1994) tested six capillary-tube 
geometries: a 2-m (7S.7 in ) and a 3-m (llS.l in) length were cut from three stocks of 
capillary tubes having internal diameters of 0.77 mm (0.030 in.), 0.S4 mm (0.033 in.), and 
l.05 mm (0.041 in.). The roughness range of Melo's tubes is from 0.59 flm to 0.75 flm. 
Melo estimated the uncertainty associated with his optical measurement process at ± 0.01 
flm. Based on these facts, the maximum range of roughness is shown by solid lines at 
O.lflm and 1 flm. 
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The Wolverine data include two points that have the same nominal diameter but 
different lengths. The simulation results from these two points were plotted together in 
Figure C.I. Since there are 3 unknowns (K., D and 8) and only two data points, it is not 
possible to determine '811 3. Therefore, the approach taken here is to select a value of K 
and solve for the D and 8 that provide the measured mass flow. Those values are defined 
by the intersections of the lines in Figure C.I. The points of intersection are shown in 
Table C.4. 
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Figure C.I Attempt to determine diameter and roughness of two test specimens 
Table C.4 Intersections of constant K lines for two test specimens 
Diameter K 8 
(in) (Jlm) 
0.0552 0.5 5.0 
0.0550 1.0 4.0 
0.0545 2.0 2.0 
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Since all these values lie outside the plausible ranges of diameter and roughness, it 
follows that the two specimens tested were not cut from the same tube. This was verified 
by the manufacturer (Hicks, 1996), who said that the two specimens may indeed have 
; 
been obtained from different tubes. Therefore, it can not be assumed that their diameters 
and roughness were equal. 
In theory, it should be possible to estimate D, K and 8 if a large data set were 
available. Meyer and Dunn (1996) conducted nitrogen tests on cap tubes of varying 
lengths that had been cut from the same tube stock. He concluded that K depended 
strongly on entrance Re, probably due to compressibility effects. Based on his results, a 
range of uncertainty on the entrance loss factor is assigned: 0.5 < K < 2.0. In the 
subsequent analysis of Wolfs data, the fact is allowed for that entrance losses for turbulent 
nitrogen flow may significantly exceed those observed by Idelchik (1994) for 
incompressible turbulent flow. 
Figure C.2 - Figure C.6 show turbulent nitrogen flow simulation results for the 
other 5 specimens tested by Wolverine and used by Wolf et al. to analyze 2-phase 
refrigerant flow data. It is clear from these figures that roughness.can not be determined 
from the nitrogen test data, due to the uncertainties on K and D. The range of possible 
values of 8 are determined by the quadilateral defined by the bounds on K and D 
uncertainties, yielding 0< 8 < 5.0 J.lm. This range is far greater than observed by Sweedyk's 
extensive measurements. 
Accepting Sweedyk's range for roughness uncertainty, Figures C.2 - C.6 are used 
to obtain the best possible estimation of tube diameter from the manufactures' nitrogen 
flow test data. Those results, determined by the quadulaterals defined by 8 and K 
uncertainties,are summarized in Table C.5. 
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Table C.5 Diameter uncertainties estimated from nitrogen flow test data 
Length 
" 
Nominal diameter and uncertainty 
: (in.) (thousandths of in.) 
60 58.2 < 59 < 59.2 
40 52.5 < 54 ~ 54 
60 41.3 < 42 ~ 42 
60 33.3<34~34 
95 38.6 < 39 < 39.2 
80 53.5 < 54 < 54.2 
95 31 ~ 31 < 31.5 
Note that for the longer tubes, the effect of entrance loss uncertainty is minimal. 
Therefore, nitrogen flow tests should be designed to use long tubes (L>60 in.) so the 
effects of roughness can be seen more clearly from the data. 
As seen from Table C.S, only one out of 7 tubes tested lies outside manufacturer's 
± 0.001 in specification. And this outlier has the shortest tube length. It confirms that 
nitrogen test could provide better estimation than manufacturer's specification if longer 
tubes are used. 
Alternatively if D were known from water tests, than nitrogen results could be 
expressed in forms of e ± Ae. 
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Figure C.3 Roughness, diameter and entrance loss for tube 3 (ID=0.042 in) 
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Figure C.5 Roughness, diameter and entrance loss for tube 5 (ID=0.039 in) 
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C.4 Determining roughness from refrigerant flow data 
Peixoto and Paiva (1995) obtained both laminar and turbulent flow data for 
Refrigerant R-12 through a capillary tube with a total length of2.757 m. 
Table C.6 Experimental data for Refrigerant R-12 through capillary tube 
Mass flow (kg/h) Total pressure drop (kPa) Flow regime 
0.59 ± 0.05 7.55 ± 0.02 Laminar 
0.80 ± 0.05 10.33 ± 0.02 Laminar 
5.24± 0.05 388 ± 3 Turbulent 
7.31 ± 0.05 696± 3 Turbulent 
9.22 ± 0.05 1047 ± 3 Turbulent 
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Properties such as density and viscosity are determined from measured pressure 
and temperature at the inlet. 
Density (kg/m3): 
Viscosity ~a·s): 
1,312 
2.18*10-4 
In the laminar flow case, pressure drop in the entrance region results from 
developing velocity profile. To quantify the value of K, the following theoretical 
correlation was obtm.ned from Chen's (1973) analysis with an integral momentum method: 
K= 0.20+ 38 
Re (C.11) 
Two laminar flow data points were put into a program described in Appendix A to 
determine the actual diameter. For both of the laminar flow conditions, K=0.22 from 
equation C.lI, yielded a diameter of 0.799 mm (0.0315 in) ± 0.017 mm (± 0.0007 in). 
Compared with experimentally determined diameter, 0.798 mm, which Peixoto and Paiva 
obtained by filling the capillary tube with mercury, the laminar flow data offers little more 
information than manufactuer's ± 0.001 in claims. If Peixoto and Paiva were able to 
measure mercury within ± 0.1 gram, than the measured diameter uncertainty is within 
± 0.022 mm (± 0.0009 in), which is slightly larger than that resulted from our analysis of 
their laminar flow data. 
Because of the capillary tube length, frictional losses greatly exceed entrance 
losses, so the calculated diameter is very insensitive to the uncertainty on K (a diameter 
uncertainty of ± 0.001 mm corresponds to ± 0.9 uncertainty on K). Or, stated another 
way, a ± 0.5 uncertainty on K would have affected refrigerant flow rate by only 0.27%. 
Roughness was then determined from the turbulent refrigerant flow data, using the 
same method as for the nitrogen data, assuming the diameter was known within ± 0.017 
mm ( ± 0.0007 in) from the laminar flow tests. There is no need to divide the capillary 
tube into segments for this calculation because the flow is incompressible in this case for 
the sub cooled liquid refrigerant. Again, K was set equal to 0.5, as calculated using 
Idelchik's formula. 
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Table C.7 shows the magnitude of roughness which, when input to the Colebrook 
(1939) equation accurately predicted the mass flow rate measured by Peixoto and Paiva. 
The uncertainty in roljghness, due to the uncertainty in diameter and the uncertainties in 
mass flow and pres.sur~ measurements, was analyzed using an approach recommended by 
ASME. The measured roughness (8) is dependent on 3 parameters, i.e. 
8=i{D,m, P) 
the sensitivity coefficient of 8 with respect to each parameter is given by 
B. = 08 
I oD 
B. = 08 
20m 
B. _ 08 
3- IJP 
(C. 12) 
(C. 13) 
(C. 14) 
(C. IS) 
These partial derivatives were evaluated numerically, due to the complexity of the data 
reduction calculations. The bias uncertainty of the roughness was then calculated by 
3 
Be = ~) eJ;~ )2 
i=1 (C. 16) 
where Bi is the bias error in corresponding diameter, mass and pressure 
measurements. The above calculation suggests that the uncertainty in roughness is 
dominated by the uncertainty in diameter, while the uncertainty propagated from mass and 
pressure measurements is almost negligible. For example at data point 1, equation (C. 16) 
becomes: 
(C. 17) 
(C.l8) 
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Table C.7 Roughness of the tube tested by Peixoto and Paiva 
Absolute roughness (11m) Relative roughness (E/D) 
Turbulent da'ta . r 2.00 ± 2.02 0.00250 ± 0.00253 
Turbulent data 2 1.67 ± 2.02 0.00210 ± 0.00253 
Turbulent data 3 1.45 ± 2.02 O.OOISI ± 0.00253 
The roughness of Peixoto and Paiva's tube is very close to the roughest tube 
tested by Sweedyk, which was I.S54 11m. 
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AppendixD 
Mass flow meter calibration 
Prior to condllCting all the tests desecribed in this report, the Micro-Motion 0-6 
meter was calibrated using the water and bucket method in October, 1995. Data are 
shown in Table 0.1. 
Table 0.1 October 1995 calibration data 
mv lbm/h 
101.049 0.0000 
169.870 32.5395 
179.829 36.8415 
181.342 37.2990 
219.191 53.8095 
270.300 76.5600 
322.269 100.1355 
That calibration data yields the following equation, if each of the points are weighted 
equally: 
mdot_Liu = -44.511 + 0.44933 * [mv] (D. 1) 
This is the calibration curve used by Lucy Liu to reduce all data obtained in May-June 
1996. It yields values remarkably close to the curve derived from the Micro Motion 
specifications. Specifically, the instrument's output is supposed to range from 4.0 to 20.0 
rna, corresponding to 0 and 160Ibmlh,respectively. The signal is converted to millivolts 
by a resistance of 25.125 Ohms, measured on July 18, 1996. These figures yield the 
following calibration curve: 
mdot_Microl = -45 + 0.44776*[mv] (D.2) 
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However, a check of the zero-flow output amperage on July 16, 1996 yielded a 
direct measurement of 4.022 rna. Assuming the maximum remained unchanged at 20 rna, 
the calibration curve would be changed to: 
, 
mdot_Micro2 = -45.31262 + 0.44838*[mv] (D.3) 
It can be seen from Table D.2 that the three curves differ only slightly throughout 
the range of 10-30 lbmlh, where these experiments were conducted. As expected, the 
Micro2 values are noticeably lower for the lower mass flow rates. 
Table D.2 Comparison of three calibration curves 
Millivolts Liu Micro 1 Micro2 Meyer 
110 4.3 4.3 3.9 4.0 
120 8.8 8.7 8.4 8.6 
130 13.3 13.2 12.9 13.1 
140 17.8 17.7 17.4 17.6 
150 22.3 22.2 21.9 22.1 
160 26.8 26.6 26.3 26.6 
170 31.3 31.1 30.8 31.1 
180 35.8 35.6 35.3 35.7 
190 40.3 40.1 39.8 40.2 
200 44.8 44.6 44.2 44.7 
The mass flow meter was then re-zeroed using the factory "loop test" procedure, 
and the 4.0 rna reading was confirmed. Therefore it is possible that the instrument was 
reading 1-3% low during whatever period the zero-offset was present. Since it was not 
checked directly before the experiments were conducted, there is no way to tell whether 
such an adjustment should be made. If the offset was present at the time of Liu's 
calibration in October 1995, then no adjustment should be made. 
120 
The Table also shows the calibration curve used by John Meyer to reduce data 
taken prior to Liu' s calibration: 
Illdot_Meyer = -45.618 + 0.45143*[mv] (D.4) 
Meyer's cutVeis also very close to Liu's calibration, suggesting that the calibration 
had not drifted during the previous year or two during which it had been used by Meyer 
and Ken Greenfield. After Greenfield had used the meter during 1994, Meyer changed the 
resistor that converted the meter's output from milliamps to millivolts, and adjusted 
Greenfield's calibration curve accordingly. There is no way to tell if the drift in the zero 
point occurred between the October 1995 calibration and Liu's data acquisition in May-
June of 1996. Our working assumption is that it did not; that it occurred prior to 
Greenfield's earlier (1994-95) calibration, and remained stable through the work of Meyer 
and Liu. Ifit did occur later, Liu's low-flow mass flow rates may lie closer to the Micro2 
calibration shown above. 
Our assessment of mass flow measurement uncertainty, however, is focused on 
two potentially larger sources of error. The first is the fact that most measurements were 
taken in the lower portion of the instrument's range, approximately 10-30 lbmlh, 
compared to the full scale reading of 160. In that range, Liu's calibration data differ 
substantially from the full range [0-160] calibration curves given above. Therefore a new 
curve was constructed. Instead of performing a simple least-squares fit with all points 
weighted equally, we forced the line to fit exactly at the zero mass flow point, and used 
only the first 4 data points: those bracketing the range of the test data for refrigerant flow 
through capillary tube - suction line heat exchangers. The resulting calibration curve: 
mdot_Bullard = -47.281 + 0.4679*[mv] (D.5) 
differs substantially from the simple least squares fit ofLiu, possibly leading to errors of 
about 3% as shown in Table 0.3. 
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Table D.3 Comparison ofLiu and Bullard calibration curves 
Millivqlts Liu Bullard 
, 
110 4.3 4.2 
120 8.8 8.9 
130 13.3 13.5 
140 17.8 18.2 
150 22.3 22.9 
160 26.8 27.6 
170 3l.3 32.3 
180 35.8 36.9 
190 40.3 4l.6 
200 44.8 46.3 
The second source of uncertainty is the variance between the digital display on the 
mass flow meter, and that computed by the calibration curves. During the May-June 1996 
testing, the meter display read consistently about 1-2 lbmlh lower than that computed by 
the 4-20ma output signal. At the time, we disregarded the difference and used the 
calibration curve, because it had been fit to data consisting solely of millivolts and 
measured mass flow; the meter display had not been recorded during the calibration. Then 
in July 1996 when the meter was removed from the test facility, Enrique Rodarte noted 
that the display read -1.5 lbmlh while the amperage read 4.0222, at a time when there was 
no flow through the meter. The meter was re-zeroed, and both readings returned to 0.00 
and 4.000, respectively. 
Since these two readings were inconsistent (0.0222 rna corresponds to an offset of 
only 0.55 mv, or only about 0.25 lbmlh), we contacted Chuck Gray at Micromotion to 
gain a better understanding of the internal workings of the meter. Gray added to our 
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confusion by explaining that the re-zeroing affects the 4.0 rna and the digital display 
simultaneously, because the digital display is calculated directly from the 4.0 rna. The 
zeroing adjusts the di~ital signal from the vibrating tubes; that signal is subsequently used 
to calculate the display value. The same digital signal enters a DI A conversion circuti 
which in tum produces the current output. Unfortunately there was no way to confirm 
our simultaneous observation of -1.5 lbmlh and 4.0222 rna, because the meter had already 
been re-zeroed. However, this episode does introduce the possibility ofa -1.5 lbmlh error 
in the zero-flow value. 
Gray's explanation indicated that the re-zeroing process affects only the offset, not 
the slope, of the calibration curve. The drift is caused by the electronics warming up, and 
it must be re-set occasionally so the zero signal occurs when the two tubes in the meter 
are vibrating at the same frequency. When we expressed concern to Gray about the ±0.5 
lbm/h fluctuations observed in the meter's display during testing, and also in the output 
amperage, he suggested that we set the damping using the hand-held calibration device. 
Since the natural frequency of the tubes is 80 Hz with water and 87 Hz with air, he 
estimated that it is about 79 Hz with refrigerant (s.g. = 1.1). Since our diaphragm pump 
does not operate at that frequency, it is an unlikely source of direct excitation, but Gray 
suggested that we take care to isolate the meter from other vibrations as well. To set the 
damping, a digital filter (normally 0.8), the hand-held device can be used. 
123 
AppendixE 
Capillary tube-suction line heat exchanger test loop start-up 
The first task when starting up the loop is to tum on the data acquisition system 
following this order: 
1. Turn the datalogger switch to "on" position. 
2. Tum on the IDM computer. 
3. After the prompt "term", enter the current time. 
4. Go into directory "gt" which is a sub-directory of "lucy". 
s. When asking for station name, type "one" and the menu of the data acquisition 
system should appear. 
6. Type "k" to set the datalogger time to PC time. 
7. Type "d" to download data acquisition file named as "ts2". 
8. Type "m" to monitor various temperatures and pressures of the system. 
9. Record the barometer reading and temperature difference within thermocouples. 
The next task is to heat the PRT and SST to the desired temperature. This is 
accomplished by turning the heaters up to 100% and turning on the submersible pumps. 
As the temperatures get close to the test conditions, the R-S02 loop is turned on. To start 
the R-502 loop, first move the valves of chilled water supply and chilled water return at 
wall to the fully open position. Then, tum on the electric switch at wall labeled 
"compressor". The compressor-motor speed is controlled by a solid-state speed drive 
(Toshiba, TOSVERT-130 G2+). The speed of the motor is normally set at 45 Hz (The 
"CTRL" button should be pushed first before the speed could be set). At this time, the 
gear pump is turned on. The R-S02 loop cools the refrigerant in the heat exchangers and 
therefore allows the gear pump to start circulating cold refrigerant. The circulating 
refrigerant cools the inlet of the diaphragm pump. If this is not done before the diaphragm 
pump is turned on, the refrigerant will boil violently when it hits the warm copper, 
resulting in cavitation at the entrance to the diaphragm pump and negligible flow. 
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Now, the diaphragm pump is ready to tum on. The speed of the motor driving the 
diaphragm pump is controlled by using a solid-state speed drive (Toshiba, TOSVERT-130 
G2) similar to the (me used for the R-502 loop compressor. Following the same 
; 
procedure, first tul110n the electric switch at wall labeled "pump", then set the speed and 
run. When the motor speed is held constant, a constant volumetric-flow rate is maintained. 
As the motor speed increases, the mass flow rate increases and a higher discharge pressure 
is reached in order to accommodate the new flow rate. The speed of the motor is usually 
set at 45 Hz. 
To help pump functioning, the needle valve in the bypass loop is partially open 
(about 2 to 3 turns) in the start-up stage. Once the pump is running smoothly, the needle 
valve is adjusted so that the test section inlet pressure corresponds to the saturation 
pressure at the PRT's temperature. At that time, the liquid level in the vertical sight glass 
can be seen and the mass flow rate is stable. 
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AppendixF 
Data and graphs for non-adiabatic flow of R134a 
" 
F.1 Experimental data under steady state condition 
The following Table F.l, Table F.2 and Table F.3 are to demonstrate the stability 
of data shown in Chapter 3. In each table, time 0 corresponds to steady state point seen in 
Table 3.6, Table 3.8 and Table 3.10. Time -1 denotes 1 minute before the selected steady 
state point. Time -2 denotes 2 minutes before the selected steady state point. Similarly, 
time + 1 denotes 1 minute after the selected steady state point. Time +2 denotes 2 minutes 
after the selected steady state point. Recall that the mass flow rates shown are one-minute 
averages, with an uncertainty of± 0.15 lbmlhr (See Chapter 3). 
Table F.l Steady state non-adiabatic flow of Refrigerant R-134a data (Tube A) 
'from increasing subcooling path) 
Time mdot Pin Pout Tin Tout Tsli Tslo 
(min) (lbmlhr) (psia) (psia) eF) eF) eF) eF) 
-2 13.10 120.46 41.87 81.40 69.39 52.79 72.60 
-1 13.12 120.26 41.97 81.20 68.78 51.99 72.30 
0 13.14 120.67 41.04 81.00 69.44 53.39 72.60 
1 13.20 121.05 42.26 80.80 68.12 50.70 71.80 
2 13.21 121.55 42.29 80.70 68.00 51.18 71.60 
-2 13.24 122.15 42.67 77.00 66.48 51.18 69.44 
-1 13.17 122.45 42.62 76.80 67.00 52.59 69.63 
0 13.15 122.38 41.68 76.60 67.57 53.66 69.89 
+1 13.11 122.15 42.59 76.40 67.01 52.86 69.60 
+2 13.06 121.95 42.46 76.20 67.14 53.43 69.58 
-2 13.19 122.45 42.94 71.90 63.86 50.85 66.13 
-1 13.17 122.35 42.73 71.70 64.50 52.40 66.32 
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Table F.l (cont.) 
0 13.19 122.28 41.93 71.50 64.32 51.82 66.17 
+1 13.18 122.05 42.89 71.20 63.55 50.70 65.69 
+2 13.15 122.35 42.74 70.90 64.08 52.26 65.84 
-2 13.37 124.05 43.23 68.05 62.77 51.76 64.04 
-1 13.38 124.45 43.38 67.84 62.19 51.26 63.68 
0 13.37 124.49 42.39 67.66 62.87 52.93 63.94 
+1 13.32 124.15 43.10 67.50 63.13 53.27 64.03 
+2 13.37 123.95 43.33 67.36 61.90 51.05 63.34 
-2 15.99 163.80 49.32 101.50 76.50 46.17 82.50 
-1 15.72 163.70 48.14 101.20 78.80 50.83 84.10 
0 15.81 163.42 47.36 100.90 78.00 48.71 83.80 
+1 15.82 163.10 48.64 100.60 76.50 47.05 82.80 
+2 15.78 162.80 48.46 100.40 77.40 49.72 83.20 
-2 15.78 160.00 48.33 95.10 75.60 51.23 80.50 
-1 15.79 159.60 48.49 94.70 74.70 49.41 79.90 
0 15.89 160.11 47.99 94.30 73.80 48.65 79.10 
+1 15.79 160.40 48.56 93.80 74.60 50.48 79.40 
+2 15.95 160.90 49.10 93.40 73.60 48.53 78.70 
-2 16.01 162.70 49.06 91.90 74.00 50.92 78.30 
-1 16.09 163.20 50.03 91.50 71.90 47.04 76.90 
0 16.07 163.82 48.98 91.20 72.40 48.54 76.90 
+1 16.10 164.10 50.01 90.90 72.40 48.78 76.80 
+2 16.12 164.60 49.96 90.60 72.80 50.19 77.00 
-2 15.94 159.70 49.74 84.90 68.67 47.51 72.60 
-1 15.81 159.50 49.41 84.60 69.49 49.32 72.90 
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Table F.1 (cont.) 
0 15.75 159.61 48.46 84.40 69.70 49.83 73.10 
+1 15.75 , 159.40 49.33 84.20 69.65 49.90 73.10 
+2 15.75 159.20 49.32 84.00 69.41 49.65 72.80 
-2 18.24 211.41 58.62 109.90 87.70 61.60 92.60 
-1 18.28 211.71 58.79 109.60 87.00 60.47 92.00 
0 18.35 212.36 58.11 109.30 86.30 59.36 91.40 
+1 18.40 212.51 59.04 109.10 85.90 58.77 91.00 
+2 18.37 212.71 59.16 108.80 85.50 58.17 90.60 
-2 17.84 209.61 57.78 104.40 84.10 59.61 88.40 
-1 18.02 209.91 58.17 104.20 83.00 57.60 87.60 
0 18.09 210.68 57.55 104.00 82.60 57.08 87.20 
+1 18.00 210.51 58.32 103.80 83.00 58.32 87.40 
+2 17.98 210.81 58.17 103.60 83.90 60.53 88.10 
-2 18.13 208.51 58.45 99.10 80.40 57.73 84.30 
-1 18.10 208.81 58.44 98.80 80.70 58.79 84.40 
0 18.11 209.58 57.53 98.60 81.40 60.44 84.90 
+1 18.12 209.61 58.26 98.20 81.90 61.86 85.30 
+2 18.10 209.91 58.36 97.90 81.80 61.87 85.10 
-2 18.35 211.11 58.93 95.50 80.40 61.63 83.40 
-1 18.36 210.61 58.70 95.00 80.50 62.26 83.40 
0 18.34 210.28 57.96 94.40 79.20 59.99 82.40 
+1 18.41 209.41 59.08 93.90 77.40 56.74 80.90 
+2 18.43 208.71 59.19 93.30 76.50 55.54 79.90 
-2 18.45 207.41 58.87 85.90 75.30 60.47 77.10 
-1 18.46 207.71 59.03 85.50 74.40 59.14 76.50 
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Table F.l (cont.) 
0 18.57 208.37 58.31 85.10 74.00 59.08 76.10 
+1 18.58 208.31 59.15 84.70 74.10 59.71 76.00 
+2 18.53 208.81 59.22 84.30 74.10 59.99 75.90 
Table F.2 Steady state non-adiabatic flow of Refrigerant R-134a data (Tube B) 
(from increasing subcooling path) 
Time mdot Pin Pout Tin Tout Tsli Tsl0 
(min) (lbm/hr) (psia) (psia) (F) ( F) ( F) ( F) 
-2 18.66 119.50 28.28 74.80 50.12 37.52 67.64 
-1 18.60 119.40 28.27 74.80 50.16 37.78 67.71 
0 18.57 119.20 28.20 74.70 50.13 37.86 67.69 
+1 18.60 119.10 28.19 74.60 49.99 37.73 67.62 
+2 18.59 118.90 28.29 74.40 49.80 37.58 67.48 
-2 18.55 117.60 28.23 72.30 48.91 37.36 65.98 
-1 18.59 117.50 28.28 72.10 48.53 36.43 65.62 
0 18.56 117.40 28.33 71.80 48.31 36.13 65.32 
+1 18.59 117.30 28.25 71.60 48.08 35.20 65.08 
+2 18.61 117.10 28.34 71.30 47.40 33.76 64.56 
-2 18.82 118.20 28.61 67.91 46.68 34.76 62.07 
-1 18.81 118.10 28.53 67.76 47.30 36.39 62.17 
0 18.67 118.00 28.53 67.61 47.40 36.32 62.21 
+1 18.84 117.90 28.54 67.46 47.12 35.93 62.01 
+2 18.64 117.70 28.46 67.32 47.35 36.80 62.04 
-2 18.29 114.70 28.04 64.89 47.59 40.72 61.15 
-1 18.26 114.60 28.03 64.82 47.46 40.47 61.04 
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Table F.2 (cont.) 
0 18.32 114.50 27.97 64.73 47.27 40.11 60.91 
+1 18.33 114.40 28.04 64.66 47.19 40.06 60.82 
+2 18.30 114.30 28.04 64.60 47.22 40.25 60.80 
-2 19.18 120.00 29.02 60.39 46.66 40.08 57.59 
-1 19.30 119.90 29.02 60.34 46.39 39.36 57.46 
0 19.29 119.70 28.94 60.28 46.03 38.57 57.24 
+1 19.35 120.00 29.04 60.22 45.74 37.89 57.03 
+2 19.42 120.40 29.16 60.17 45.46 37.05 56.80 
-2 22.70 159.50 32.65 93.60 58.33 36.64 81.00 
-1 22.61 159.60 32.62 93.30 58.31 38.81 80.80 
0 22.42 159.60 32.51 93.20 57.79 41.18 81.30 
+1 22.59 159.90 32.61 93.00 57.26 38.52 80.80 
+2 22.56 160.10 32.71 92.80 57.41 40.49 80.70 
-2 22.34 159.00 32.37 90.70 52.41 39.88 79.70 
-1 22.52 159.30 32.71 90.40 53.46 37.77 78.60 
0 22.47 159.70 32.67 90.10 52.72 39.79 78.60 
+1 22.61 160.00 32.73 89.80 53.15 37.34 78.20 
+2 22.83 160.30 33.06 89.50 54.37 35.41 77.40 
-2 23.21 159.50 33.55 85.50 55.16 30.21 72.60 
-1 22.88 159.10 33.13 85.30 57.36 35.26 74.20 
0 22.86 159.00 33.07 85.20 57.24 35.30 74.40 
+1 22.87 159.00 33.16 85.10 57.41 36.85 74.50 
+2 22.67 159.00 33.06 85.00 58.84 41.07 75.10 
-2 22.90 158.90 33.31 81.50 56.31 38.33 71.90 
-1 22.80 158.40 33.27 81.30 56.54 39.00 72.00 
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Table F.2 (cont.) 
0 22.68 158.00 33.16 81.10 56.78 39.72 72.00 
+1 22.69 , 158.00 33.07 80.90 56.84 39.94 72.00 
+2 22.87 158.30 33.15 80.70 55.83 37.28 71.50 
-2 22.63 160.70 32.56 95.80 56.46 37.68 82.60 
-1 22.66 160.70 32.53 95.40 56.42 37.77 82.30 
0 22.73 160.80 32.60 94.90 56.39 37.74 82.00 
+1 22.75 160.60 32.61 94.40 56.27 37.36 81.50 
+2 22.67 160.60 32.68 93.80 56.25 37.53 81.20 
-2 22.69 160.70 32.63 90.80 56.04 38.71 79.10 
-1 22.69 160.60 32.64 90.30 55.94 38.22 78.70 
0 22.75 160.60 32.72 89.80 55.75 37.39 78.20 
+1 22.79 160.60 32.77 89.20 55.56 36.84 77.70 
+2 22.79 160.60 32.88 88.80 55.56 37.45 77.30 
-2 22.69 160.50 32.89 85.60 55.22 38.08 75.10 
-1 22.76 160.40 33.01 85.20 55.03 37.3 74.80 
0 22.87 160.50 33.12 84.80 54.77 36.48 74.30 
+1 22.83 160.30 33.18 84.40 54.69 36.61 73.90 
+2 22.79 160.30 33.31 84.00 54.80 37.45 73.80 
-2 23.13 162.10 34.00 81.40 54.10 35.02 71.30 
-1 23.04 162.60 33.86 81.00 54.74 37.89 71.50 
0 23.03 162.90 33.91 80.70 54.96 38.77 71.60 
+1 23.12 163.30 33.90 80.30 54.88 38.32 71.30 
+2 23.17 163.70 34.07 80.00 54.77 38.24 71.00 
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Table F.3 Steady state non-adiabatic flow of Refrigerant R-134a data (Tube C) 
"from increasing sub cooling path) 
Time mdot Pin Pout Tin Tout Tsli Tsl0 
(min) (lbmlhr) (psia) (psia) (OF) (OF) (OF) (OF) 
-2 12.41 119.80 23.27 79.70 51.06 31.24 69.56 
-1 12.40 119.90 23.20 79.60 49.04 30.26 69.67 
0 12.46 119.90 23.34 79.50 48.62 29.50 69.22 
+1 12.34 120.00 23.05 79.40 47.30 31.12 69.47 
+2 12.57 120.10 23.53 79.30 49.00 27.82 68.98 
-2 12.35 119.20 23.18 75.70 48.74 31.06 67.52 
-1 12.56 119.10 23.62 75.20 49.75 27.60 66.57 
0 12.46 119.10 23.49 74.80 49.93 29.08 66.19 
+1 12.34 119.10 23.44 74.40 49.16 29.57 66.18 
+2 12.60 119.10 23.72 74.10 49.99 26.37 65.44 
-2 12.73 119.20 23.90 70.90 50.76 26.91 63.56 
-1 12.58 119.10 23.71 70.40 50.81 28.94 63.31 
0 12.55 119.00 23.68 69.98 50.39 30.13 63.33 
+1 12.58 118.90 23.64 69.58 50.36 29.18 63.01 
+2 12.62 118.80 23.84 69.10 50.51 28.08 62.40 
-2 12.96 119.70 23.94 66.53 56.58 30.46 61.01 
-1 12.95 119.70 24.09 66.04 56.02 29.41 60.69 
0 12.88 119.60 24.21 65.39 55.33 29.35 60.19 
+1 12.74 119.50 23.93 64.80 56.34 31.27 60.26 
+2 12.74 119.30 24.12 64.51 55.04 27.89 59.49 
-2 14.82 15S.1O 25.41 9S.20 52.1S 29.49 S1.40 
-1 14.62 158.20 25.0S 97.90 52.52 33.19 S1.80 
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Table F.3 (cont.) 
0 14.67 157.90 25.32 97.70 52.59 31.38 81.60 
+1 14.64 , 157.90 25.11 97.40 52.39 32.30 81.50 " 
+2 14.68 157.90 25.33 97.20 52.24 30.12 81.00 
-2 14.46 156.90 25.27 93.60 51.65 31.47 78.70 
-1 14.40 156.90 25.14 93.90 51.91 33.22 78.90 
0 14.42 156.80 25.19 93.00 51.61 32.02 78.60 
+1 14.44 156.70 25.27 92.70 51.41 31.23 78.20 
+2 14.46 156.70 25.21 92.30 51.48 31.70 78.00 
-2 14.49 156.00 25.40 88.40 51.07 32.34 75.20 
-1 14.35 155.90 25.13 88.00 51.58 35.34 75.70 
0 14.38 155.80 25.11 87.60 51.29 35.11 75.70 
+1 14.43 155.70 25.22 87.10 51.01 33.08 75.00 
+2 14.60 155.90 25.38 86.70 51.01 31.81 74.30 
-2 14.75 156.80 25.58 83.80 50.85 32.08 72.50 
-1 14.69 156.80 25.65 83.50 50.61 31.47 71.90 
0 14.80 157.10 25.65 83.10 50.63 31.47 71.60 
+1 14.78 156.90 25.65 82.80 50.52 31.56 71.40 
+2 14.81 156.70 25.66 82.40 50.62 31.85 71.20 
-2 18.87 210.70 28.64 117.90 61.67 26.44 92.80 
-1 18.98 210.60 28.90 117.20 62.95 27.53 93.40 
0 19.03 210.70 28.91 116.60 63.77 27.39 93.10 
+1 19.08 211.00 29.09 115.90 64.22 27.52 92.60 
+2 18.99 211.30 29.00 115.2 65.19 29.84 92.70 
-2 19.21 211.70 29.46 111.80 65.71 29.31 90.10 
-1 19.12 211.50 29.37 111.20 65.69 30.41 90.00 
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Table F.3 (cont.) 
0 19.15 211.50 29.50 110.60 65.64 29.66 89.40 
+1 19.16 211.30 29.47 109.90 65.66 30.38 89.10 
+2 19.21 211.20 29.69 109.30 66.01 28.52 88.30 
-2 19.18 210.60 29.60 106.90 66.29 30.15 86.90 
-1 19.19 210.60 29.80 106.40 66.38 29.19 86.30 
0 19.09 210.4 29.66 105.90 66.38 31.24 86.30 
+1 19.18 210.30 29.68 105.40 66.46 29.92 85.90 
+2 19.32 210.20 30.01 104.90 66.52 28.32 85.00 
-2 19.22 209.60 30.05 101.80 66.44 28.80 82.90 
-1 19.19 209.40 30.08 101.50 66.47 28.95 82.70 
0 19.24 209.3 29.99 101.10 66.44 29.43 82.50 
+1 19.27 209.30 30.04 100.70 66.29 28.98 82.20 
+2 19.28 209.10 30.07 100.30 66.06 28.14 81.70 
Table F.4 Steady state non-adiabatic flow of Refrigerant R-134a data (Tube B) 
(from decreasing subcooling path) 
Time mdot Pin Pout Tin Tout Tsli Tslo 
(min) (lbmJhr) (Psia) (psia) eF) (OF) (OF) (OF) 
-2 19.29 119.70 28.94 60.28 46.03 38.57 57.24 
-1 19.35 120.00 29.04 60.22 45.74 37.89 57.03 
0 19.42 120.40 29.16 60.17 45.46 37.05 56.80 
1 19.50 120.90 29.22 60.09 45.47 37.09 56.67 
2 19.55 121.40 29.30 60.04 45.87 38.00 56.77 
-2 19.16 120.60 29.06 63.63 47.54 40.22 59.57 
-1 19.16 120.50 29.06 64.11 47.62 40.07 59.99 
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Table F.4 (cont.) 
0 19.07 120.40 29.00 64.58 47.83 40.26 60.35 
+1 19.01 120.20 28.99 65.06 47.99 40.47 60.75 
+2 19.06 120.00 28.95 65.55 47.90 39.87 6l.04 
-2 18.80 119.20 28.81 68.39 48.57 39.80 63.13 
-1 18.84 119.00 28.78 68.85 48.55 39.39 63.38 
0 18.82 118.90 28.76 69.31 48.61 39.19 63.66 
+1 18.72 118.70 28.71 69.77 48.79 39.43 64.01 
+2 18.75 118.60 28.63 70.20 49.11 39.98 64.45 
-2 18.50 117.50 28.52 74.80 49.39 38.36 67.36 
-1 18.36 117.50 28.31 75.20 50.20 4l.99 68.42 
0 18.29 117.50 28.19 75.70 50.34 4l.97 69.05 
+1 18.38 117.70 28.26 76.10 50.05 40.65 69.18 
+2 18.48 118.10 28.39 76.60 49.84 39.54 69.24 
-2 18.52 120.20 28.65 79.60 5l.18 4l.49 71.60 
-1 18.57 120.00 28.61 80.10 50.96 39.95 7l.90 
0 18.58 119.90 28.62 80.50 5l.00 40.45 72.20 
+1 18.44 119.80 28.50 80.90 5l.21 4l.25 72.60 
+2 18.56 119.70 28.49 8l.40 50.97 39.69 72.80 
-2 18.32 118.80 28.35 83.90 51.33 40.29 74.80 
-1 18.38 118.70 28.36 84.30 5l.25 39.83 75.00 
0 18.35 118.70 28.36 84.70 5l.24 39.57 75.20 
+1 18.28 118.80 28.35 85.20 5l.24 39.15 75.40 
+2 18.42 119.20 28.39 85.60 51.10 38.29 75.60 
-2 22.88 160.30 33.41 80.70 56.33 38.32 7l.60 
-1 23.14 160.60 33.61 8l.1O 55.01 -35.31 7l.00 
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Table F.4 (cont.) 
0 23.12 161.00 33.67 81.50 55.29 35.97 71.10 
+1 22.98 161.20 33.57 81.90 56.34 37.92 71.80 
+2 22.87 161.40 33.51 82.40 57.13 39.45 72.60 
-2 22.68 159.80 33.34 85.10 57.12 37.38 74.30 
-1 22.62· 159.40 33.29 85.60 57.12 36.95 74.50 
0 22.64 159.20 33.30 86.10 57.19 36.72 74.80 
+1 22.57 159.10 33.26 86.60 57.31 36.46 75.10 
+2 22.62 159.20 33.26 87.10 57.36 36.17 75.40 
-2 22.45 159.70 33.25 89.20 58.42 36.93 77.20 
-1 22.50 159.90 33.23 89.80 58.82 37.61 77.70 
0 22.34 160.00 33.22 90.30 59.18 38.20 78.30 
+1 22.37 160.00 33.20 91.00 59.44 38.41 78.80 
+2 22.37 160.10 33.21 91.50 59.37 37.74 79.10 
-2 22.28 160.40 33.24 93.70 59.85 37.43 80.60 
-1 22.23 160.40 33.22 94.20 60.40 38.38 81.20 
0 22.19 160.50 33.21 94.80 60.63 38.57 81.70 
+1 22.15 160.60 33.26 95.40 60.61 38.09 82.10 
+2 22.24 160.60 33.26 95.90 60.55 37.65 82.40 
-2 22.04 161.00 33.13 99.00 61.08 38.62 84.80 
-1 21.94 161.00 33.06 99.70 61.34 39.12 85.40 
0 21.93 161.00 33.09 100.30 61.48 39.58 86.00 
+1 21.85 161.20 33.07 101.00 61.56 39.41 86.60 
+2 21.88 161.10 33.07 101.70 61.43 38.91 87.00 
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During the above tests, the inlet conditions at capillary tube and suction line have 
been controlled to be as stable as possible. The variations of inlet pressures and 
temperatures in each 4-:-minute time span are shown in Table F.5, Table F.6 and Table F.7. 
. -~ 
T bl F 5 Maxim ·f f·nt t d·f a e urn vana Ion 0 I e con I Ions m eac h4 . t f ~ T b A -mmue Ime span or u e 
APin (psia) APout (psia) ATin (OF) ATsli (OF) 
1.10 0.50 0.70 1.50 
0.20 0.20 0.80 2.20 
0.10 0.20 1.00 1.40 
0.10 0.10 0.70 0.70 
1.00 0.90 1.10 3.60 
0.90 0.70 1.70 2.70 
1.90 0.90 1.30 0.70 
0.50 0.40 0.90 2.10 
1.30 0.50 1.10 3.40 
1.20 0.40 0.80 0.90 
0.90 0.10 1.20 3.10 
2.40 0.20 2.20 6.10 
1.40 0.40 1.60 0.40 
T hI F6M . a e axunum vanatIon 0 finl d· . et con Itlons m eac h4 . ~ T b B -mmute tIme span or u e 
APin (Psia) APout (psia) ATin (OF) ATsli (OF) 
0.60 0.00 0.40 0.00 
0.50 0.10 1.00 3.60 
0.50 0.10 0.60 2.00 
0.40 0.00 0.20 0.50 
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Table F.6 (cont.) 
0.40 0.20 0.10 3.00 
0.60 -. 0.00 0.80 3.80 
1.30 0.70 1.20 4.40 
0.50 0.50 0.50 10.80 
0.90 0.10 0.60 1.00 
0.20 0.10 2.00 0.40 
0.10 0.20 2.00 1.20 
0.20 0.40 1.60 1.50 
1.60 0.20 1.40 0.70 
Table F.7 Maximum variation of inlet conditions in each 4-minute time span for Tube C 
AFin (psia) AFout (psia) ATin(OF) ATsli (OF) 
0.30 0.50 0.40 3.40 
0.10 0.50 1.60 4.60 
0.40 0.30 1.80 1.10 
0.40 0.20 2.00 2.50 
0.30 0.10 1.00 0.60 
0.20 0.10 1.60 1.70 
0.30 0.30 1.70 0.50 
0.40 0.00 1.40 0.50 
0.60 0.40 2.70 3.40 
0.50 0.30 2.50 1.90 
0.40 0.40 2.00 1.80 
0.50 0.00 1.50 0.70 
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As shown in Table F.5, Table F.6 and Table F.7, the variations of capillary tube 
inlet pressure in 4-minute time span are within 1 psia (i.e. ± 0.5 psi) for SO% of all the 
cases. In the worst si41ation, the variation is 2.4 Pisa. For all the cases, the variations of 
capillary tube outlet- p~essure (which is suction line inlet pressure) in 4-minute time span 
are within 1 Psia. The variations of capillary tube inlet temperature in 4-minute time span 
are within 2 of for 92% of all the cases. In the worst situation, the variation is 2.7 of. 
Finally, the variations of suction line inlet temperature in 4-minute time span are within 3 
of for 72% of all the cases. In the worst situation, the variation is 4.6 of. Therefore, the 
selected steady state data points could be used to run the CTSLHXSIM model. 
F.2 Graphs for subcooling loops 
The mass flow rate versus subcooling at each condensing temperature for each 
tube are shown below from Figure F.l to Figure F.S. The mass flow rates shown are one 
minute averages, with an uncertainty of± 0.15 Ibmlhr (See Chapter 3). 
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According to Meyer and Dunn's (1996) experience with adiabatic capillary tube 
testing, the Micro Motion mass flow meter won't give a valid flow rate until the 
sub cooling reaches at least 5 of at capillary tube inlet. In non-adiabatic capillary tube 
testing, mass flow rate is affected by temperature at the suction line inlet as well. Only 
after the flow rate is stabilized, the power input to the "evaporator" heater could be 
adjusted, to heat the two-phase mixture to single phase vapor with desired amount of 
superheat. In Figure F.l, the mass flow rate for the first 10 data points were steadily 
decreasing. This is because the suction line inlet temperature was steadily increasing to 
build up superheat during that 10 minutes period. Note in Figure F.3 that mass flow rate 
was not stable when the subcooling was between 10°F and 13 of on the increasing 
sub cooling path. This is because during that period (which is the startup period of the 
test), the power input to the "evaporator" heater was being adjusted, and large variations 
in suction line inlet temperature. were presented. In this particular case, it took the flow 50 
minutes to go through two phase to 130 OF superheat, and then stabilize at 10 OF 
superheat. Note in Figure F.5 that mass flow rate has a discontinuity near 10 of of 
subcooling. This occurred because the suction line inlet temperature was not well-
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controlled during the first 10 minutes of testing. In this case, it increased 20 of in 1 
minute, so the mass flow rates dropped suddenly from 26 lbmlhr to 23 lbmlhr. As shown 
in Figure F.6, the mas~ flow rate on the increasing subcooling path was not continuous. 
This is because the ~uction line inlet temperature was not able to be held constant. 
However, on the decreasing sub cooling path, the suction line inlet temperature was well 
controlled and mass flow rate decreases continuously. 
Recall that the pressure setting tank (PRT) temperature was manually controlled 
with a l-kW heater. Originally, a Capp Model 535 controller was connected to a 2-kW 
heater immersed in the PRT tank to control the temperature. Unfortunately, the output 
module in that controller was broken. So, all the data presented above were taken with 
manual control of pressure setting tank temperature, which adds difficulty in maintaining a 
stable inlet pressure. 
The following figures are to graphically describe the inlet condition at the capillary 
tube and suction line for subcooling loops. 
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Figure F.II Pressure profile of subcooling loop for tube A 
(110°F condensing temperature) 
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Figure F.12 Temperature profile of subcooling loop for tube A 
(110°F condensing temperature) 
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Figure F .13 Pressure profile of subcooling loop for tube A 
(130°F condensing temperature, 10°F superheat) 
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Figure F .14 Temperature profile of subcooling loop for tube A 
(130°F condensing temperature, 1 OaF superheat) 
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Figure F .15 Pressure profile of subcooling loop for tube A 
(Repeated 130°F condensing temperature, 1 OaF superheat) 
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Figure F .16 Temperature profile of subcooling loop for tube A 
(Repeated 130°F condensing temperature, 1 OaF superheat) 
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Figure F.17 Pressure profile of subcooling loop for tube B 
(110°F condensing temperature, 18°F superheat) 
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Figure F .IS Temperature profile of subcooling loop for tube B 
(110°F condensing temperature, IsoF superheat) 
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Figure F .19 Pressure profile of subcooling loop for tube B 
(110°F condensing temperature, 24°F superheat) 
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Figure F .20 Temperature profile of subcooling loop for tube B 
(110°F condensing temperature, 24 of superheat) 
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Figure F.2I Pressure profile of sub cooling loop for tube C 
(90 of condensing temperature) 
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Figure F.22 Temperature profile of sub cooling loop for tube C 
(90 of condensing temperature) 
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Figure F.23 Pressure profile of subcooling loop for tube C 
(110°F condensing temperature) 
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Figure F.24 Temperature profile of sub cooling loop for tube C 
(110 of condensing temperature) 
F.3 Graphs for superheat loops 
The following superheat loop test of each tube started with two-phase at both 
capillary tube inlet and suction line inlet. The mass flow data in Figure F.25, Figure F.28 
and Figure 31 were plotted after the capillary tube inlet subcooling stabilized at the desired 
amount. At that time, the suction line inlet was either two phase, or having superheat less 
than 5 of. The power input to the evaporator heater was slowly increased, so that the 
suction line inlet temperature was increasing at a rate no more than 0.7 of per minute. 
When the maximum amount of superheat was reached, the power input to the evaporator 
heater was slowly decreased at the same rate, until the suction line inlet was two phase 
again. During this process, the capillary tube inlet sub cooling was held constant. The mass 
flow rates shown are one minute-averages, with an uncertainty of± 0.15 lbmlhr. 
As shown in Figure F.26 and Figure F.27, after the test started at about 20 
minutes, when the capillary tube inlet temperature and pressure, and therefore sub cooling 
became stabilized, this was the starting point of mass flow data shown in Figure F.25. The 
suction line inlet had 2 of of superheat at that time. Note that on the increasing superheat 
152 
path of Figure F.25, when the superheat reached 26 of, mass flow dropped 0.7 lbmlhr in 
one minute to the next point having superheat of 30 of (It was overlapped with the point 
on the decreasing superheat path having 30 of superheat). There are two possible 
explanations: either it was caused by poor control of suction line inlet condition (Le. 
superheat), or it was the mass flow discontinuity that affected the superheat. 
Indeed the suction line inlet temperature was not well controlled (its average value 
increased from 66.7 of to 68.7 of in one minute) and at the same time, the suction line 
pressure dropped 2 psi causing superheat to increase totally 4 OF in one minute; it might 
have caused the mass flow to jump. However, in the more stable parts of the graph, it is 
obvious that a 4 OF change in superheat causes only a 0.15 lbmlhr change in mass flow. 
Therefore, we conclude that it is the mass flow that is unstable, and the sudden drop in 
mass flow (from the capillary tube into the electrically heated "evaporator" tubing) caused 
the sudden drop in low-side pressure, which contributed to the sudden increase in 
superheat. 
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Figure F.2S Mass flow versus superheat at 110 OF condensing temperature(Tube A) 
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Figure F.26 Inlet pressure profile of superheat loop (Tube A) 
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Figure F.27 Inlet temperature profile of superheat loop (Tube A) 
When Tube B was tested, the sub cooling at the capillary tube inlet stabilized 10 
minutes after the test started. At that time, the suction line inlet was still two phase. The 
mass flow data shown in Figure F.28 was plotted right after the suction line inlet became 
superheated, which occurred 5 minutes after the capillary tube inlet subcooling stabilized. 
154 
24.0 
23.5 
-. i 23.0 
:9 
'-" 
~ 22.5 
e;:: 
~ 
~ 
~22.0 
21.5 
21.0 
0 
°c 
• 
• 
• 
o 10 
0<00 
0 
" 
0 ~ 0 
.... ~ 
_1'1" 
-.. 
",- Q 0 
•• 
( 
" ~ • io ~ ""ee . . 
20 30 40 50 
ATsup COF) 
Figure F.28 Mass flow versus superheat at 110 OF condensing temperature(Tube B) 
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Figure F.29 Inlet pressure profile of superheat loop (Tube B) 
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Figure F.30 Inlet temperature profile of superheat loop (Tube B) 
When Tube C was tested, the subcooling at the capillary tube inlet stabilized 
around 30 minutes after the test started. At that time, the suction line inlet had 7 of of 
superheat, and the mass flow data shown in Figure F.31 was plotted at that time. Note 
that on the increasing superheat path of Figure F.31, when the superheat reached 33 of, 
mass flow dropped 0.5 lbm/hr in one minute to the next point having superheat of 35 of. 
Again, there are two possible explanations: either it was caused by poor control of suction 
line inlet condition (i.e. superheat), or the mass flow discontinuity affected the superheat. 
The more stable parts of the graph shows that a 2 OF change in superheat causes only a 
0.13 lbmlhr change in mass flow. Therefore, we conclude that it is the mass flow that is 
unstable, and the sudden drop in mass flow (from the capillary tube into the electrically 
heated "evaporator" tubing) caused the sudden increase in superheat. 
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Figure F. 31 Mass flow versus superheat at 110°F condensing temperature (Tube C) 
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Figure F.32 Inlet pressure profile of superheat loop (Tube C) . 
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Figure F.33 Inlet temperature profile of superheat loop (Tube C) 
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